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E V A L U A T I O N  O F  . T H E  S T R E N G T H  A N D  E L A S T I C  P R O P E R T I E S  O F  
C E M E N T  S T A B I L I S E D  M A T E R I A L S
S . .  K O L I A S
A  t h e s i s  s u b m i t t e d  f o r  t h e  d e g r e e  o f  D o c t o r  o f  P h i l o s o p h y  
i n  t h e  F a c u l t y  o f  E n g i n e e r i n g  
U n i v e r s i t y  o f  S u r r e y  
1 9 7 5
■S J  o k i  J o
The t h e s is  p re s e n ts  d e t a i l s  o f  t e s ts  c a r r ie d  o u t to  d e te rm in e  th e  s t r e n g th  
and e l a s t i c  p r o p e r t ie s  o f  cement s t a b i l i s e d  m a t e r ia ls ,  em phasis b e in g  p la c e d  
on t h e i r  b e h a v io u r in  u n i - a x i a l ' te n s io n  u n d er q u a s i - s t a t ic  lo a d in g . The 
m a te r ia ls  te s te d  a re  le a n  c o n c r e te , a t y p ic a l  cem ent bound g r a n u la r  m a t e r ia l ,  
a f in e  g ra in e d  s o i l-c e m e n t  and two s y n th e t ic  cement bound g ra n u la r  m a te r ia ls  
produced by com bin ing  g r a v e l  and sand w ith  th e  f in e  g ra in e d  s o i l .  A l im i t e d  
in v e s t ig a t io n  o f  b e h a v io u r  u n d er re p e a te d  lo a d in g  in  u n i - a x i a l  te n s io n  was a ls o  
u n d e rta k e n .
The p r in c ip a l  c o n c lu s io n s , r e l a t i n g  to  specim ens com pacted to  r e f u s a l ,  a r e  t h a t  
th e  s t r e n g th  in  u n i - a x i a l  te n s io n  is  b ro a d ly  r e la t e d  to  th e  s tr e n g th  in  u n i - a x L  
co m p res s io n , th e  m o d u li o f  e l a s t i c i t y  in  te n s io n  and in  com pression  a re  
e s s e n t ia l ly  e q u a l,  th e  s t r e s s - s t r a i n  r e la t io n s h ip  in  te n s io n  is  e f f e c t i v e l y  
l i n e a r ,  and t h a t  w h i ls t  s t r e n g th  may be r e la t e d  to  modulus f o r  each m a t e r ia l ,  
th e r e  is  no u n iq u e  r e la t io n s h i p  betw een  th e s e  c r i t i c a l  p a ra m e te rs .
SUMMARY
The most s in c e re  g r a t i iu d e  is  e xp ressed  t o  M r. R . I . T .  W il l ia m s , R eader in -  
th e  D epartm ent o f  C i v i l  E n g in e e r in g ?f o r  h is  g u id a n c e , a d v ic e  and c o n tin u o u s  
encouragem ent th ro u g h o u t th e  cou rse  o f  t h i s  w o rk .
Thanks a re  a ls o  exp ressed  to  D r .  D . J .  Hannant and M r. A . F .  S tock f o r  t h e i r  
v a lu a b le  a d v ic e  a t  a l l  t im e s  and to  th e  la b o r a to r y  s t a f f  f o r  t h e i r  w i l l i n g  
h e lp  d u r in g  th e  course o f  th e  e x p e r im e n ta l w o rk .
The a u th o r  was on s tu d y  le a v e  fro m  th e  A s s o c ia t io n  o f  th e  Greek Cement 
In d u s t r y  and w ishes t o  re c o rd  h is  a p p r e c ia t io n  o f  th e  o p p o r tu n ity  g iv e n  
to  h im .
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In  p re s e n t in g  th e  r e s u l t s , b o th  in  ta b le s  and in  f ig u r e s , th e  fo l lo w in g  
symbols have been used:
EXPLANATORY NOTES REGARDING PRESENTATION OF DATA
1 . ‘S t a t i s t i c a l  n o m en c la tu re
x  Mean v a lu e
s S tand ard  d e v ia t io n
c . v .  C o e f f ic ie n t  o f  v a r ia t io n
The number in  b ra c k e ts  u n d e rn e a th  th e  s ta n d a rd  d e v ia t io n  d enotes  th e  number 
o f  r e s u l t s  on w hich th e  c o m p u ta tio n  o f  s is  based in  th e  t a b le s .
F o r reaso ns  o f  u n ifo r m ity  and in  o rd e r  to  g iv e  some bro ad  in d ic a t io n  o f  th e  
s c a t t e r  o f  th e  r e s u l t s ,  v a lu e s  o f  s and c . v .  a re  g iv e n  in  many cases even  
when th e  co m pu tatio n  is  based on 3 r e s u l t s  o n ly .  These v a lu e s  t h e r e fo r e  a re  
o f  l im i t e d  s t a t i s t i c a l  s ig n i f ic a n c e .
2 . S tre n g th
f  p rism  com pressive  s tre n g th
f  c y l in d e r  ff 11
c
f  e q u iv a le n t  cube s tre n g th  ( fro m  p a r ts  o f  specim ens te s te d  in
u n i - a x i a l  te n s io n  o r  f l e x u r e )  
f  u n i - a x i a l  t e n s i le  s t r e n g th
f^  f l e x u r a l  s tre n g th  ( t h i r d  p o in t  lo a d in g )
3 . Modulus o f  e l a s t i c i t y
E^ E le c tro -d y n a m ic  modulus o f  e l a s t i c i t y
Ep S t a t ic  modulus o f  e l a s t i c i t y  in  u n i - a x i a l  com pression  (p r is m s )
E^ 11 ,! t! ” 11 11 fl ( c y l in d e r s )
E " " " • " " " te n s io nt
A l l  th e  s t a t i c  v a lu e s  a re  s e c a n t m o d u li.
The s u f f i x  ( f / 2  or  f / 3  and 0 . 5  or  0 . 2 )  denotes  th e  s tre s s  a t  w hich th e  s e c a n t
modulus is  d e te rm in ed  -  thu s  f / 3  in d ic a te s  th e  v a lu e  a t  one t h i r d  o f  th e  u l t im a te
2
s tre n g th  and 0 .5  is  th e  v a lu e  a t  a s tr e s s  o f  0 .5  MN/m .
4 .  S t r a in
e95 S t r a in  a t  95% o f  th e  u l t im a te  lo a d .
5 . L o c a tio n  o f  f a i l u r e
The lo c a t io n  o f  f a i l u r e  o f  th e  te n s io n  specim en is  d e te rm in e d  as th e  d is ta n c e  
in  m i l l im e t r e s  from  th e  up p er end o f  th e  specim en as t e s t e d .
6 . D e n s ity
D B u lk  d e n s ity  o f  specim ens d e te rm in e d  by w e ig h in g  in  a i r  and in  w a te r
e xc ep t w here o th e rw is e  s ta te d .
7 .  Cement c o n te n t
The cement c o n te n t is  th e  p e rc e n ta g e  by w e ig h t o f  d ry  a g g re g a te  (o r  s o i l ) .
8 . W ater c o n te n t
The w a te r  c o n te n t is  th e  p e rc e n ta g e  by w e ig h t o f  cem ent p lu s  d ry  a g g re g a te  
( o r  s o i l ) .
9 .  D im ensions o f  specim ens used th ro u g h o u t th e  te s ts
C y lin d e rs  (c o m p re s s io n ) 1 0 1 .6  mm d ia m e te r  x 2 0 3 . 2  mm h e ig h t
Prism s (co m p re ss io n ) 1 0 1 .6  mm x 1 0 1 .6  mm x 254 mm
Beams ( u n i - a x i a l  te n s io n  o r  f l e x u r e )  1 0 1 .6  mm x 1 0 1 .6  mm x 508 mm
1 0 . Symbols used in  f ig u r e s
The sym bols used to  d e s ig n a te  th e  ra n g e  o f  m a te r ia ls  and th e  t e s t  v a r ia b le s  
a re  as f o l lo w s :
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w here A is  le a n  c o n c re te
B is  W h e a tle y  cement bound g r a n u la r  m a te r ia l  
C is  s o i l-c e m e n t  (L i t t le h a m p to n  b r ic k e a r th )
D is  a s y n th e t ic  cem ent bound g r a n u la r  m a te r ia l  (90% le a n  c o n c re te
a g g re g a te , 10% b r ic k e a r th )
E is  a s y n th e t ic  cem ent bound g ra n u la r  m a te r ia l  ( le a n  c o n c re te
a g g re g a te  and b r ic k e a r th  com bined to  g iv e  th e  g ra d in g  o f
m a te r ia l  B ) .
-  1 -
In  r e c e n t  y e a r s ,  th e  a v a i l a b i l i t y  o f  com puters has enab led  g re a t  p ro g res s  
to  be made tow ards  th e  im p le m e n ta tio n  o f  an a n a ly t i c a l  approach in  th e  d es ig n  
o f  f l e x i b l e  pavem ents. T r e a t in g  th e  pavem ent and th e  subgrade s o i l  as a 
m u lt i - la y e r e d  sys tem , th e  s tre s s e s  and s t r a in s  d eve lo ped  u n d er v a r io u s  
lo a d in g  c o n d it io n s  a re  c a lc u la te d  u s in g  a n a ly s e s  based on th e o r ie s  o f  
e l a s t i c i t y ,  v i s c o - e l a s t i c i t y  o r  on f i n i t e  e lem ent c o n c ep ts . Thus, a h ighw ay  
pavem ent is  re g a rd e d  as a s t r u c tu r e  s u p p o rted  by th e  subgrade and is  d es ig n ed  
in  th e  t r a d i t i o n a l  e n g in e e r in g  manner by p ro p o r t io n in g  each e lem en t so t h a t  
th e  s tre s s e s  and d is p la c e m e n ts  induced  a re  w ith in  p e r m is s ib le  l i m i t s  f o r  th e  
m a te r ia ls  used .
At p r e s e n t ,  th e r e  is  la c k  o f  a d eq u ate  in fo rm a t io n  on th e  m a te r ia l  p r o p e r t ie s  
and t h is  s e v e re ly  im p a irs  th e  g e n e ra l use o f  m a th e m a tic a l models f o r  pavement 
d e s ig n . In fo rm a t io n  on th e  m a te r ia l  p r o p e r t ie s  is  r e q u ir e d  f o r  tw o re a s o n s :
a . To e s ta b l is h  th e  s t r e s s /s t r a in  c h a r a c t e r is t ic s ,  o r c o n s t i t u t iv e  e q u a tio n s  
o f  th e  m a te r ia ls ,  in  o rd e r  to  choose o r  d eve lo p  a m a th e m a tic a l model w hich  
w i l l  e n a b le  r e a l i s t i c  and a c c u ra te  v a lu e s  o f  "w o rk in g ” s tre s s e s  and s t r a in s  
to  be computed f o r  v a r io u s  lo a d in g  c o n d it io n s .
b . To e s ta b l is h  p e r m is s ib le  s tre s s e s  and s t r a in s ,  w h ich  would n o t cause  
u n a c c e p ta b le  pavem ent d e fo rm a tio n  o r  c ra c k in g , i f  re p e a te d  many t im e s  under 
v a r io u s  e n v iro n m e n ta l c o n d it io n s  d u r in g  th e  d es ig n  l i f e  o f  th e  pavem ent.
The b e h a v io u r o f  ro a d  m a te r ia ls  can n o t be s tu d ie d  th o ro u g h ly  in  th e  la b o r a to r y  
because o f  d i f f i c u l t i e s  in  a c c u ra te  s im u la t io n  o f  th e  com plex s tr e s s  reg im es  
and e n v iro n m e n ta l c o n d it io n s  p r e v a i l in g  in  th e  ro a d . F u l l - s c a le  ro ad  
exp erim e n ts  a re  th e r e fo r e  needed in  o rd e r  to  c h e ck , su p p lem ent, o r m o d ify  th e  
la b o r a to r y  d a ta  and t h is  is  c le a r ly  a lo n g  te rm  p ro c e s s . N e v e r th e le s s , 
la b o r a to r y  s tu d ie s  a re  o f  v a lu e  in  t h e i r  own r ig h t  because th e y  p ro v id e  a 
b a s ic  u n d e rs ta n d in g  o f  m a te r ia ls  in  term s o f  t h e i r  fu n d a m en ta l p r o p e r t ie s .  
F u rth e rm o re , la b o r a to r y  s tu d ie s  a l lo w  c o m p a ra tiv e  in v e s t ig a t io n s  o f  v a r io u s  
m a te r ia ls  to  be u n d e rta k e n  un d er c o n t r o l le d  c o n d it io n s  so t h a t  th e  in f lu e n c e  
o f  v a r io u s  fa c to r s  can be exam ined r e l a t i v e l y  q u ic k ly  a t  low  c o s t .
Cement s t a b i l is e d  m a te r ia ls  a re  used e x te n s iv e ly  in  ro a d  c o n s tr u c t io n  b u t  
a t t e n t io n  o n ly  r e c e n t ly  has been focu ssed  on th e  im p o rtan c e  o f  th e  m a te r ia l  
p r o p e r t ie s  w hich d i r e c t l y  in f lu e n c e  b e h a v io u r under t r a f f i c  lo a d in g  and u n d er  
r e s t r a in e d  d im e n s io n a l chan g es , th e  c r i t i c a l  p ro p e r ty  w hich d e te rm in e s  th e  
s tre s s e s  induced  b e in g  th e  modulus o f  e l a s t i c i t y .  Roadbases w ith  h ig h  v a lu e s  o f
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-  2 -
modulus d ev e lo p  h ig h  t e n s i l e  s tre s s e s  a t  t h e i r - u n d e rs id e  and th e  ro adb ase  
m a t e r ia l  sh o u ld  th e r e fo r e  have enough s tre n g th  to  a c c e p t r e p e t i t io n s  o f  th e  
in d u ced  s tre s s e s  w ith o u t  p re m atu re  f a i l u r e .  In  t h i s  c o n te x t ,  th e  f a t ig u e  
b eh av iou r, o f  th e  m a t e r ia l  is  o f  im p o rta n c e .
L i s t e r  ( 1 )  used th e  e l a s t i c  th e o ry  to  a n a ly s e  such pavem ents and computed th e  
com bined s tre s s e s  due to  t r a f f i c  lo a d in g  and to  te m p e ra tu re  w a rp in g . These  
s tre s s e s  w ere compared to  th e  s t r e n g th  o f  cem ented ro adb ase  m a te r ia ls  and i t  
was shown t h a t  g e n e ra l c ra c k in g  w ould be a vo id e d  o n ly  in  th e  s tro n g e r  m a te r ia ls  
when used in  pavem ents o f  s u b s ta n t ia l  th ic k n e s s ,th u s  c o n firm in g  e a r l i e r  
f in d in g s .  ( 2 ,  3 , 4 ) .  L i s t e r  ( 1 )  a ls o  exam ined th e  o n se t o f  base c ra c k in g  in  
exam ples o f  t r a f f i c k e d  pavem ents and re p o r te d  t h a t  th e  r e s u l t s  o f  th e  
t h e o r e t ic a l  a n a ly s is  w ere in  good agreem ent w ith  th e  o b served  p erfo rm a n ce  o f  
e x is t in g  ro a d s  w ith  f l e x u r a l  s t r e n g th  b e in g  a u s e fu l  p r e d ic t iv e  p a ra m e te r .
He recommended t h a t  pavements c a r r y in g  th e  h e a v ie s t  t r a f f i c  sh o u ld  be d e s ig n ed  
a g a in s t  e a r ly  c ra c k in g  o f  th e  cem ented b a s e .
Wang e t  a l  ( 5 ) ,  and F o s s b e rg 'e t  a l  ( 6 ) have found t h a t  th e  use o f  la b o r a to r y  
d e te rm in e d  e l a s t i c  p r o p e r t ie s  le a d s  t o  good agreem ent between com puted and 
m easured v a lu e s  o f  s t r e s s ,  s t r a in  and d e f le c t io n  on p ro to ty p e  pavem ents. 
P r e t o r iu s - e t  a l  ( 7 )  have a ls o  used la b o r a to r y  d e te rm in e d  e la s t i c  p r o p e r t ie s  
and f a t ig u e  d a ta  to  a n a ly s e  th e  c ra c k  p a t te r n  a s s o c ia te d  w ith  o v e rs tre s s e d  
pavem ents in c o r p o r a t in g acem ent s t a b i l is e d  base .
The work r e p o r te d  in  t h i s  th e s is  is  a la b o r a to r y  s tu d y  o f  th e  s t r e n g th  and 
e l a s t i c  p r o p e r t ie s  o f  a ra n g e  o f  cem ent s t a b i l is e d  m a te r ia ls  and th e  p r im a ry  
aim  o f  th e  in v e s t ig a t io n  was to  o b ta in  d a ta  w hich  would e n a b le  th e  b e h a v io u r  
o f  m a te r ia ls  o f  t h i s  ty p e  to  be p r e d ic te d .  The em phasis in  th e  e x p e r im e n ta l  
work is  on u n i - a x i a l  te n s io n  and th e  c o r r e la t io n  o f  th e  v a lu e s  o b ta in e d  w ith  
th e  r e s u l t s  o f  com pression  a n d , t o  a le s s e r  e x t e n t ,  w ith  f le x u r e  t e s t s .
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2.  REVIEW OF MAJOR STUDIES TO EVALUATE THE STRENGTH AND ELASTIC PROPERTIES OF 
CEMENT STABILISED MATERIALS
A ltho u g h  th e r e  is  a w e a lth  o f  in fo rm a t io n  a v a i la b le  re g a rd in g  cement s t a b i l is e d  
m a te r ia ls  in  term s o f  com press ive  s tre n g th  and r e s is ta n c e  to  d is r u p t iv e  fo rc e s  
induced  by e n v iro n m e n ta l chan g es , r e l a t i v e l y  l i t t l e  is  known abo u t t h e i r  
s t r e s s - s t r a in  r e la t io n s h ip s  and t e n s i le  s tre n g th  un d er q u as i s t a t i c  o r  
r epea ted  lo a d in g  c o n d i t io n s .  Yet i t  i s  p r e c i s e ly  t h i s  in fo rm a t io n  w h ich  i s  
necessary  in  o rd e r  to  a n a ly s e  a pavem ent s t r u c tu r e ,
The more com prehensive p u b lis h e d  p ap ers  on t h i s  s u b je c t  a re  b r i e f l y  re v ie w e d  
below  w ith  th e  o b je c t iv e  o f  in d ic a t in g  th e  gaps in  knowledge w hich in f lu e n c e d  
th e  programme o f  th e  re s e a rc h  r e p o r te d  in  t h i s  t h e s is ,  More d e t a i le d  
d is c u s s io n  o f  th e  p re v io u s  work is  g iv e n  in  th e  th e s is  as each s u b je c t  is  
d e a l t  w i t h .
R e in h o ld  ( 8 ) in  1955 used '’s y n th e t ic ” s o i l s ,  produced by com bin ing  n a t u r a l  
sand and a f i n e  g ra in e d  s o i l  ( r e f e r r e d  to  as c la y )  in  v a r io u s  p ro p o r tio n s  to  
in v e s t ig a te  th e  in f lu e n c e  o f  th e  f in e  m a te r ia l  on th e  s tre n g th  and modulus o f  
e l a s t i c i t y  o f  p rism s lo aded  in  com press io n . The d i f fe r e n c e  in  p e r fe c t  and ' 
im p e r fe c t  e la s t i c  b e h a v io u r o f  th e s e  m a te r ia ls  was em phasized and i t  was 
concluded  t h a t  a l i n e a r  s t r e s s - s t r a i n  r e la t io n s h ip  can be assumed up to  one 
t h i r d  o f  th e  com pressive  s t r e n g th .  The fa c to r s  in f lu e n c in g  th e s e  r e la t io n s h ip s  
w ere th e  amount o f  f i n e  s o i l  in  th e  com posite  m a te r ia l  and th e  cement c o n te n t ,  
as shown in  T ab le  2 !  w hich  sum m arizes th e  r e s u l t s .
T a b le  2 !  Summary o f  d a ta  a f t e r  R e in h o ld  ( 8 )
M a t e r ia l
M a t e r ia l  C o m position  
p e r c e n t
Cement
C o n ten t
%
Com pressive
S tre n g th
(P ris m s )
MN/m2
Modulus o f  
e l a s t i c i t y
GN/m2Sand
. F in e  
S o i l
16 . 7 9 . 0 3 1 3 . 8
A 100 0 1 2 . 5 5 . 97 1 1 . 2
1 0 . 0 4 . 3 0 9 !
16 . 7 1 2 . 1 2 1 4 . 3
C 75 25 1 2 . 5 8 . 0 9 ,1 1 .4
1 0 . 0 5 . 8 2 9 . 3
16 . 7 7 . 3 3 9 . 3
D 50 50 1 2 . 5 5 . 06 8 . 3
1 0 . 0 4 . 0 9 8 . 6
16 . 7 5 . 41 4 . 6
F 0 100 12 . 5 3 . 9 4 3 . 8
1 0 . 0 3 . 0 3 3 . 0
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I t  is  n o te d  t h a t  f o r  each cement c o n te n t th e r e  is  an optimum c o n te n t o f  f in e  
s o i l  f o r  maximum s tr e n g th  a n d , t o  a le s s  pronounced e x te n d -, f o r  maximum 
modulus and t h is  c o u ld  be a t t r ib u t e d  to  th e  p o re  f i l l i n g  a c t io n  o f  th e  f in e  
s o i l  r e s u l t in g  in  in c re a s e d  d e n s ity .  The optimum f in e s  c o n te n t is  25 p e r  c e n t ,  
th e  modulus and th e  s t r e n g th  d e c re a s in g  s ig n i f i c a n t l y  as th e  c o n te n t  o f  f in e  
s o i l  is  f u r t h e r  in c re a s e d . A more d e t a i le d  d is c u s s io n  o f  R e in h o ld ’ s r e s u l t s  
i s  g iv e n  l a t e r  in  t h i s  c h a p te r .
Two y e a rs  l a t e r ,  F e l t  and Abrams ( 9 )  te s te d  fo u r  d i f f e r e n t  s o i ls  ra n g in g  
from  non p la s t ic  sand c o n ta in in g  3% s i l t  and c la y  to  a s i l t - lo a m  c o n ta in in g  
92% s i l t  and c la y .  The d i f f e r e n c e  in  approach ,com pared  w ith  t h a t  o f  R e in h o ld ,  
was t h a t ‘th e  m a te r ia ls  s t a b i l i s e d  w ere n o t s y n th e t ic  b u t n a t u r a l  and o f  
p a r t i c u l a r  In t e r e s t  f o r  ro a d  and runway c o n s tr u c t io n .  T h e ir  programme o f  t e s t s  
c o n s is te d  o f  c y l in d e r  co m press ive  s tre n g th  and modulus t e s t s ,  f l e x u r a l  and 
e q u iv a le n t  cube t e s t s , dynamic modulus d e te rm in a t io n s  and s t a t i c  and dynam ic  
P o is s o n ’ s r a t i o  m easurem ents .They a ls o  re p o r te d  r e s u l t s  o f  l im i t e d  
in v e s t ig a t io n s  in to  th e  in f lu e n c e  o f  c u r in g  c o n d it io n s  and in t o  th e  e f f e c t  o f  
c y l in d e r  d im ensions on com press ive  s t r e n g th . The p ap e r p re s e n te d  a 
c o n s id e ra b le  amount o f  in fo r m a t io n  and is  t h e r e fo r e  e s p e c ia l ly  v a lu a b le  b u t ,  
a t  th a t  t im e , a n a ly t i c a l  methods o f  pavement d e s ig n  had n o t been d eve lo p ed  
s u f f i c i e n t l y  to  ta k e  f u l l  advan tag e  o f  i t .  F ig u re s  2 . 1 ,  2 . 2  and 2 . 3  summarise  
t h e i r  p r in c ip a l  f in d in g s .  I t  can  be seen from  F ig u re  2 .1  t h a t  w h i ls t  
com pressive  s tre n g th  and f l e x u r a l  s tre n g th  a re  re a s o n a b ly  l i n e a r l y  r e la t e d  
i r r e s p e c t iv e  o f  s o i l  t y p e ,  th e  l a t t e r  has a p redom inant in f lu e n c e  on th e  
r e la t io n s h ip s  betw een dynam ic modulus o f  e l a s t i c i t y  and e i t h e r  com press ive  
s tre n g th  o r  f l e x u r a l  s t r e n g th  as shown in  F ig u re s  2 .2  and 2 .3  r e s p e c t iv e ly .
The im p l ic a t io n  is  t h a t  a lth o u g h  th e  emphasis in  p re s e n t s p e c i f ic a t io n s  on 
com pressive  s tre n g th  is  l i k e l y  to  ensu re  a c o rre s p o n d in g  l e v e l  o f  f l e x u r a l  
s t r e n g th ,  th e  modulus o f  e l a s t i c i t y  o f  th e  cement s t a b i l i s e d  m a te r ia ls  is  
g r e a t ly  a f f e c te d  by th e  ty p e  o f  s o i l  p ro cessed . C o n s e q u e n tly , th e  b e h a v io u r  
o f  roadbases c o n s tru c te d  w ith  cement s t a b i l is e d  m a te r ia ls  on v a r io u s  s i t e s  
c o u ld  be d i f f e r e n t  even i f  th e y  have th e  same l e v e l  o f  com pressive  o r  
f l e x u r a l  s t r e n g th .
B alm er ( 1 0 )  p erfo rm ed  t r i a x i a l  t e s t s  on two g ra n u la r  and two f in e  g ra in e d  
s o i ls  s t a b i l is e d  w ith  0 to  16 p e r  c e n t cem ent, and showed th a t  s t r e n g th  
in c re a s e d  w ith  in c re a s e  in  l a t e r a l  p re s s u re , a f a c t  w hich  is  e s ta b lis h e d  
f o r  o rd in a r y  c o n c re te  ( 1 1 ) .  The r e s u l t s  a re  p re s e n te d  in  th e  form
*c ( MN/m2 )
Fig. 2.1 Relation be tw een  com press ive  s t reng th  and 
f lexural s trength (9)
a 12 16
fc <M N/m 2 )
Fig.2.2 Relation between com press ive s treng th-and  
dynamic modulus (9 )
Fig. 2.3 Relation between flexural strength and dynamic 
modulus ( 9 )
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in  w hich a is  th e  u n c o n fin e d  com pressive  s tre n g th  and
b is  th e  s lo p e  o f  th e  s t r a ig h t  l i n e  r e p r e s e n t in g  th e  r a t e  o f
change o f  a x i a l  s tre n g th  w ith  re s p e c t  to  th e  l a t e r a l  p re s s u re ,
Balm er a ls o  m easured a x i a l  and l a t e r a l  d e fo rm a tio n s  and found t h a t  th e
e f f e c t  o f  th e  d i f f e r e n t  l a t e r a l  p re s s u re s  on th e  e la s t i c  p r o p e r t ie s  was
n o t s ig n i f i c a n t  o ve r th e  s m a ll ra n g e  o f  l a t e r a l  p re s s u re s  used in  th e  
2
t e s t s  ( 0 - 0 . 4  MN/m ) .
In  F ig u re  2 .4  th e  v a lu e s  o f  modulus o f  e l a s t i c i t y ,  ave rag ed  o ve r a l l  th e  
l a t e r a l  p re ss u res  u s e d , a re  p lo t te d  a g a in s t  th e  v a lu e s  .o f u n c o n fin e d  
com pressive  s tre n g th  d e r iv e d  fro m  e q u a tio n  ( 1 ) .  In  th e  same f ig u r e  r e s u l t s  
a f t e r  F e l t  and Abrams ( 9 )  on n o m in a lly  s im i la r  s o i ls  a re  superim posed . 
A lth o u g h  some s c a t t e r  is . e v id e n t  f o r  th e  more g ra n u la r  s o i l s ,  th e  p a t t e r n  o f  
th e  r e s u l t s  suggests  t h a t  m a te r ia ls  h a v in g  th e  same com press ive  s tre n g th  
c o u ld  have d i f f e r e n t  v a lu e s  o f  s t a t i c  modulus o f  e l a s t i c i t y .  T h is  c o n c lu s io n  
is  endorsed  when R e in h o ld 's  ( 8 ) r e s u l t s  a re  p lo t te d  in  th e  same way in  
F ig u re  2 . 5 .  When th e  r e s u l t s  p lo t te d  in  F ig u re s  2 . 2 ,  2 . 4  and 2 . 5  a re  
exam ined in  r e la t io n  to  th e  g ra d in g  o f  th e  m a t e r ia ls ,  shown in  F ig u re  2 . 6 , 
i t  may be seen t h a t  m a te r ia ls  d e v e lo p in g  h ig h  v a lu e s  o f  modulus o f  
e l a s t i c i t y  have c o a rs e r  g ra d in g .
Jones ( 3 )  in  1966 gave v a lu e s  o f  e le c tro -d y n a m ic  m odulus, o f  f l e x u r a l  
s tre n g th  and o f  com press ive  s tre n g th  f o r  v a r io u s  cement s t a b i l is e d  m a t e r ia ls ,  
th e  d a ta  b e in g  e s p e c ia l ly  v a lu a b le  s in c e  some o f  th e  t e s t s  r e l a t e  to  beams 
sawn from  roadbasesw hich  had been s u b je c te d  to  t r a f f i c .  Jones’ r e p o r t  a ls o  
p ro v id e s  in fo rm a t io n  r e g a rd in g  th e  e f f e c t i v e  modulus o f  roadbases  m easured  
by s u r fa c e  wave t e s t s ,  and shows t h a t  c ra c k in g  o f  th e s e  la y e r s  causes  
s u b s ta n t ia l  changes o f  th e  e f f e c t i v e  modulus w hich can be red uced  in  some 
cases to  v a lu e s  a s s o c ia te d  w ith  unbound com pacted m a t e r ia l .
O th e r s tu d ie s  o f  th e  s tre n g th  and e l a s t i c  p r o p e r t ie s  r e l a t i n g  to  p a r t i c u l a r ,  
ty p e s  o f  m a te r ia l  a re  re p o r te d  by W ill ia m s  ( 1 2 ) ,  W ill ia m s  & P a ta n k a r ( 1 3 ) ,  
P a ta n k a r & W illia m s  ( 1 4 )  and B o fin g e r  ( 1 5 ) .  The f i r s t  th r e e  r e l a t e  to  le a n  
c o n c re te  and th e  fo u r th  to  f in e  g ra in e d  s o i l -c e m e n t ,  th u s  e f f e c t i v e l y  
c o v e r in g  th e  extrem es in  s o i l  s t a b i l i s a t i o n  w ith  cem ent.
The co m p res s iv e , f l e x u r a l  and c y l in d e r  s p l i t t i n g  s t r e n g th ,  as w e l l  as th e  
modulus o f  e l a s t i c i t y  and P o is s o n 's  r a t i o ,  o f  le a n  concrete) - w ith  v a r io u s
a 1 = a  + b a 3
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cem ent c o n te n ts  and d e n s i t ie s  w ere in v e s t ig a te d  by W ill ia m s  ( 1 2 )  in  1961  
who in tro d u c e d  v ib r a t io n  u n d er p re s s u re  w ith  a hand h e ld  e l e c t r i c a l  hammer 
as th e  method o f  com pactio n  o f  th e s e  m ixes in  o rd e r  to  ta k e  acco u n t o f  t h e i r  
e x tre m ly  low w o r k a b i l i t y  ( 1 6 ) .
The e f f e c t s  o f  cement t y p e ,  a g g re g a te  ty p e  and m ix  w a te r  c o n te n t on th e  
com pressive  and f l e x u r a l  s tre n g th  and s t a t i c  and e le c tro -d y n a m ic  modulus o f  
e l a s t i c i t y  o f  le a n  c o n c re te  m ixes w ere  s tu d ie d  by W ill ia m s  and P a ta n k a r (1 3 ) .  
I t  was fou n d  t h a t  s u b s ta n t ia l  changes in  th e  s tre n g th  and e la s t i c  p r o p e r t ie s ,  
e s p e c ia l ly  a t  e a r ly  age s ,  co u ld  be produced by u s in g  cem ents o th e r  th a n  
o r d in a r y  P o r t la n d  cem ent. The use o f  crushed  g r a n i te  as th e  coarse  a g g re g a te ,  
as th e  coarse  a g g re g a te  and p a r t  o f  th e  f i n e  a g g re g a te , and f i n a l l y  as th e  
w hole  o f  th e  a g g re g a te , in c re a s e d , th e  com pressive  and f l e x u r a l  s t r e n g th  b u t  
th e  e l a s t i c  p r o p e r t ie s  w ere  n o t g r e a t ly  a f f e c t e d .  The in c re a s e  o f  m ix  w a te r  
c o n te n t to  a v a lu e  w hich w ould p e rm it  com paction  by s u r fa c e  v ib r a t io n  f o r  a 
g iv e n  cem ent c o n te n t caused a s u b s ta n t ia l  r e d u c t io n  in  s tre n g th  and an 
a p p re c ia b le  re d u c t io n  in  th e  e la s t i c  m odulus.
The e f f e c t  o f  in c o r p o r a t in g  b itum en in  d ry  le a n  c o n c re te  was re p o r te d  by  
P a ta n k a r and W ill ia m s  ( 1 4 )  based on a re s e a rc h  s tu d y  (17.) aim ed a t  methods  
o f  d e c re a s in g  th e  modulus o f  e l a s t i c i t y  in  o rd e r  to  re d u c e  th e  in c id e n c e  o f  
cra c k s  in  ro a d  bases c o n s tru c te d  w ith  d ry  le a n  c o n c re te . P a r t i a l  re p la c e m e n t  
o f  th e  m ix in g  w a te r  w ith  b itu m en  em uls ion  le d  t o  an im provem ent in  th e  
response o f  th e  m ix to  com paction  and r e s u lte d  in  s l i g h t l y  h ig h e r  v a lu e s  o f  
modulus o f  e l a s t i c i t y  and o f  f l e x u r a l  s tre n g th  a lth o u g h  th e  com pressive  and 
t e n s i le  s tre n g th s  w ere  s l i g h t l y  re d u c e d . In  c o n t r a s t ,  c o n c e n tra t in g  b itu m en  
as a p re c o a t in g  to  th e  co a rs e  a g g re g a te  s u b s ta n t ia l ly  red uced  th e  com pressive  
s t r e n g th ,  th e  t e n s i le  s t r e n g th  and th e  modulus o f  e l a s t i c i t y  w ith  an  
in d ic a t io n  t h a t  th e  s t r a in  c a p a c ity  was in c re a s e d .
H ow ever, t h is  p ap er is  o f  p a r t i c u la r  In t e r e s t  because i t  is  p ro b a b ly  th e  
f i r s t  to  g iv e  some in fo r m a t io n  on th e  s tre n g th  and s t r e s s /s t r a in  b e h a v io u r  
o f  le a n  c o n c re te  in  u n i - a x i a l  te n s io n  and in  u n i - a x i a l  com pressio n . The 
modulus d e te rm in a t io n s  in  u n i - a x ia l  te n s io n  were l i m i t e d - i n  number and in  
s e n s i t i v i t y  b u t ,  as a p r e l im in a r y  s tu d y , th e y  in d ic a te d  t h a t  th e  r a t i o  o f  
th e  v a lu e s  in  com pression and in  te n s io n  was o f  th e  o rd e r  o f  1 .5  f o r  
u n m o d ifie d  le a n  c o n c re te  and ranged from  1 .4  to  1 . 9 8  w ith  th e  in c o r p o r a t io n  
o f  b itu m e n .
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The s tre n g th  and e la s t i c  p r o p e r t ie s  In  te n s io n  o f  cement s t a b i l is e d  
b r ic k e a r th  have been s tu d ie d  by B o fin g e r  ( 1 5 )  who found t h a t  th e  modulus 
o f  e l a s t i c i t y  was a p p re c ia b ly  h ig h e r  in  com pression th a n  in  t e n s io n , th e  
• r a t io  ra n g in g  from  1 1 .1  to  7 .5  f o r  v a r io u s  c o n te n ts  o f  cement and o f  w a te r .
T h is  la r g e  d i f f e r e n c e  in  s t a t i c  m o d u li, r e p o r te d  a ls o  by M e tc a lf  ( 1 8 )  who 
m easured s t r a in  and d e f le c t io n  d u r in g  f le x u r e  t e s t s  on s o i l-c e m e n t  beams, 
prom pted B o fin g e r  ( 1 5 )  to  sug g est t h a t  th e  dynam ic s t i f f n e s s  sho u ld  be 
c a r e f u l ly  s tu d ie d  b e fo re  e la s t i c  pavem ent s tre s s  a n a ly s e s  a re  a p p lie d .
R eg ard in g  s tre n g th  d e te r m in a t io n s , th e  c y l in d e r  s p l i t t i n g  s tre n g th  was 
a p p re c ia b ly  lo w e r th a n  th e  b r iq u e t t e  t e n s i le  s tre n g th  w h i ls t  th e  modulus o f  
ru p tu r e  was a p p re c ia b ly  h ig h e r .  H ow ever, when a llo w a n c e  was made f o r  th e  
d i f f e r e n t  v a lu e s  o f  modulus in  te n s io n  and in  com pression and f o r  p la s t ic  
b e h a v io u r th e  c a lc u la te d  extrem e f i b r e  f l e x u r a l  s tre n g th  was reduced  to  
b e in g  0 , 6  to  12  p e r c e n t g r e a te r  th a n  th e  b r iq u e t t e  s t r e n g th .
W il-liam s ( 1 9 )  re v ie w e d  th e  l i t e r a t u r e , i n c l u d i n g  d a ta  from  u n p u b lis h e d  r e p o r ts  
on te s ts  conducted in  a s s o c ia t io n  w ith  th e  programme o f  e x p e r im e n ta l ro ads  
c a r r ie d  o u t by th e  T ra n s p o rt and Road R esearch L a b o ra to ry , r e l a t i n g  t o  th e  
s t r u c t u r a l  p r o p e r t ie s  o f  cem ent s t a b i l is e d  m a te r ia ls  and drew a t t e n t io n  to  
many o f  th e  fa c to r s  in f lu e n c in g  s tre n g th  and modulus o f  e l a s t i c i t y .  In  F ig u re  
2 . 7 ,  W illia m s  showed t h a t  th e  f l e x u r a l  s tre n g th  o f  v a r io u s  exam ples o f  cement 
bound g r a n u la r  m a te r ia l  and o f  le a n  c o n c re te  ranged  fro m  l / 6th  to  l / 1 0 th  o f  
th e  cube s tr e n g th .  He conc luded  th e r e fo r e  t h a t  th e  f l e x u r a l  s tre n g th  c o u ld  
be b ro a d ly  r e la t e d  to  th e  cube s tr e n g th  and th a t  th e  use o f  a com pressive  
s tre n g th  c r i t e r i o n  was l i k e l y  to  ensu re  a c o rre s p o n d in g  f l e x u r a l  s t r e n g th .
T h is  is  in  accord  w ith  th e  c o n c lu s io n s  re ac h ed  by Sherwood ( 2 0 )  and a ls o  by 
F e l t  and Abrams ( 9 ) ,  b o th  p ap ers  r e l a t i n g  f l e x u r a l  s t r e n g th  to  c y l in d e r  
com pressive  s tre n g th  r a th e r  th a n  to  cube s tr e n g th .
W illia m s  ( 1 9 )  em phasised th e  need to  ta k e  accou n t o f  th e  e f f e c t  o f  th e  ty p e  
o f  m a te r ia l  p rocessed  on th e  modulus o f  e l a s t i c i t y  by com bin ing  th e  
a v a i la b le  d a ta  and suggested t h a t  th e  s t a b i l is e d  m a te r ia ls  co u ld  be grouped  
as shown in  F ig u re  2 . 8 ,  I t  can be seen t h a t  th e  m a te r ia ls  f a l l  in t o  th r e e  
bands w ith  th e  upper band r e l a t i n g  to  le a n  c o n c re te , th e  in te r m e d ia te  to  
cement bound g ra n u la r  m a te r ia ls  and some s o il-c e m e n ts  and th e  lo w e r to  
s o i l-c e m e n t . T h is  prom pted W ill ia m s  ( 1 9 )  t o  q u e s tio n  th e  e f fe c t iv e n e s s  o f  th e  
p re s e n t d e f in i t i o n  o f  s o i l-c e m e n t  in  U n ite d  Kingdom ( 2 1 )  s in c e  i t  a llo w s  i
th e  use o f  a w ide ran ge  o f  s o i ls  t h a t  w i l l  c le a r ly  le a d  to  s t a b i l is e d  
m a te r ia ls  o f  g r e a t ly  d i f f e r i n g  v a lu e s  o f  m odulus. He a ls o  p o in te d  o u t t h a t  
th e  use o f  a s tre n g th  c r i t e r i o n  a lo n e  has s e v e re  l im i t a t io n s  so f a r  as pavem ent 
d e s ig n  is  co n cern ed .
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From th e  re v ie w  o f  th e  l i t e r a t u r e  a v a i la b le  a t  th e  tim e  o f  d ra w in g  up th e  
programme o f  r e s e a r c h , th e  fo l lo w in g  rem arks c o u ld  be made.
a .  In fo rm a t io n  6n th e  t e n s i l e  p r o p e r t ie s ,  based on u n i - a x i a l  t e s t s ,  was 
l im i t e d  in  e x t e n t .
b .  Doubt e x is te d  r e g a r d in g  th e  e q u a l i t y  o r  o th e rw is e  o f  th e  modulus o f  
e l a s t i c i t y  in  te n s io n  and in  com pressio n .
c . A d e t a i le d  in v e s t ig a t io n  was needed in  o rd e r  to  s tu d y  th e  in f lu e n c e  
o f  th e  s o i l  ty p e  and g ra d in g  on th e  s tre n g th  and e l a s t i c  p r o p e r t ie s  
o f  cement s t a b i l is e d  m a t e r ia ls .
I t  was d ec id e d  th e r e fo r e  to  exam ine th e  s tre n g th  and th e  s t r e s s - s t r a i n  
b e h a v io u r in  u n i - a x ia l  com pression  and in  u n i - a x ia l  te n s io n ,  o f  s e le c te d  
cem ent s t a b i l is e d  m a te r ia ls .  These w ere a t y p ic a l  le a n  c o n c re te , a t y p i c a l  
cement bound g ra n u la r  m a te r ia l  and a f in e  g ra in e d  s o il-c e m e n t  to g e th e r  w ith  
su p p le m e n ta ry  s tu d ie s  on two " s y n th e t ic "  o r " r e c o n s t i tu te d "  g ra n u la r  
m a te r ia ls  form ed by com bin ing  th e  f in e  s o i l  w ith  a g g re g a te  used f o r  th e  
le a n  c o n c re te .
I t  was beyond th e  scope o f  t h is  re s e a rc h  to  f u l l y  in v e s t ig a t e  th e  in f lu e n c e  
o f  a g g re g a te  o r s o i l  ty p e  and g ra d in g  on th e  s tre n g th  and th e  e l a s t i c  
p r o p e r t ie s .  H ow ever, i t  was b e l ie v e d  t h a t  a s tu d y  o f  th r e e  n a t u r a l  and tw o  
r e c o n s t i tu te d  m a t e r ia ls ,  c o v e r in g  a w ide  range o f  g ra d in g  and ty p e ,  c o u ld  
g iv e  some u s e fu l gu id an ce  f o r  f u t u r e  w ork.
In  d ra w in g  up th e  programme o f  t e s t s ,  em phasis was p la c e d  p r in c ip a l l y  on 
le a n  c o n c re te  because o f  i t s  w id e sp re ad  use as a roadbase  m a te r ia l  and , 
f o r  t h is  re a s o n , t e s t in g  te c h n iq u e s  a p p ro p r ia te  to  le a n  c o n c re te  w ere  
chosen w henever a c o n f l i c t  in  p h ilo s o p h y  e x is te d  betw een th e s e  and th e  
te c h n iq u e s  used f o r  s o i l-c e m e n t .
The m ain t e s t in g  age chosen was 28 d ay s ,  w ith  t e s t s  a t  7 days b e in g  in c lu d e d  
in  o rd e r  to  o b ta in  in fo r m a t io n  f o r  p r e d ic t in g  th e  s u s c e p t i b i l i t y  o f  cem ented  
roadbases  to  c ra c k in g  u n d er r e s t r a in e d  th e rm a l movements. For le a n  c o n c re te  
o n ly ,  some t e s t s  w ere a ls o  u n d e rta k e n  a t  an age o f  2 days s in c e  t h is  is  
p ro b a b ly  th e ' c r i t i c a l  age so f a r  as i n i t i a l  c ra c k in g  is  con cern ed . Tes t s  
w ere a ls o  in c lu d e d  a t  100  d a y s , t h is  b e in g  re g ard e d  as r e p r e s e n t in g  a s ta g e  
o f  m a tu r i ty  a t  w hich th e  ro adb ase  would be s u b je c te d  to  th e  d e s ig n  le v e l  
o f  t r a f f i c  s t r e s s e s .
3 . SCOPE OF THE INVESTIGATION
tBecause r e l a t i v e l y  l i t t l e  is  known o f  th e  f a t ig u e  c h a r a c t e r is t ic s  o f  cement 
s t a b i l is e d  m a te r ia ls  , a l im i t e d  programme o f  re p e a te d  lo a d in g  te n s io n  
t e s t s  was p lanned  f o r  le a n  c o n c re te  a n d , t o  a le s s e r  e x t e n t ,  f o r  cement 
bound g ra n u la r  m a t e r ia l .  T h is  p a r t  o f  th e  re s e a rc h  was re g a rd e d  as a 
p r e l im in a r y  s tu d y  aim ed a t  e s ta b l is h in g  s im p le  S /N  cu rves  by t e s t in g  
specim ens betw een s tre s s  l i m i t s  a t  an age o f  100  days and d id  n o t in c lu d e  
s t r a in  measurement o r  a s tu d y  o f  o th e r  fa c to r s  a s s o c ia te d  w ith  f a t ig u e .
S u b s id ia ry  s tu d ie s  w ere n ec es s ary  in  o rd e r  to  ta k e  accou n t o f  d i f fe r e n c e s  
in  th e  s ta n d a rd  t e s t in g  p ro ce d u res  f o r  le a n  c o n c re te  and f o r  cement bound 
g ra n u la r  m a te r ia l  o r  s o i l -c e m e n t ,  in c lu d in g  t e s t s  t o  ju d g e  th e  e f f e c t  o f  
c u r in g  method and th e  d eg ree  o f  com paction  o f  specim ens on measured  
p r o p e r t ie s .  In  a d d i t io n ,  m easurem ents w ere made o f  f l e x u r a l  s tre n g th  and 
p ro v is io n  in c lu d e d  f o r  e xam in in g  th e  e f f e c t  o f  cement c o n te n t on th e  s tre n g th  
and e l a s t i c  p r o p e r t ie s ,  th e s e  b e in g  u n d e rta k e n  p a r t ly  to  p ro v id e  a b a s is  
f o r  com parison w ith  p u b lis h e d  d a ta  and p a r t ly  to  judge  th e  d i r e c t io n  o f  
fu t u r e  w o rk .
In  o rd e r  to  choose a s a t is f a c t o r y  u n i - a x i a l  te n s io n  t e s t in g  te c h n iq u e ,a  
d e t a i le d  re v ie w  o f  th e  e x is t in g  methods was u n d e rta k e n  and th e  method 
f i n a l l y  chosen was checked and e v a lu a te d  w ith  two s e r ie s  o f  t e s t s .  T h is  
p a r t ic u la r  s tu d y  was th o u g h t to  be o f  some im p o rtan ce  c o n s id e r in g  th e  
re q u ire m e n ts  o f  th e  programme an d , s in c e  d i f f i c u l t i e s  w ere env isag ed  in  
specim en p r e p a r a t io n ,  i t  was th o u g h t n ecessary  to  exam ine th e  proposed  
method and to  check i t s  r e p r o d u c ib i l i t y .
The th e s is  th e r e fo r e  d e a ls  f i r s t l y  w ith  th e  c h o ic e  and v e r i f i c a t i o n  o f  
t e s t in g  te c h n iq u e s , w ith  th e  method o f  specim en p r e p a r a t io n  and w ith  
methods o f  lo a d  and s t r a in  m easurem ents.
The r e s u l t s  o f  th e  in v e s t ig a t io n  a re  s u b s eq u e n tly  p re s e n te d , d is c u s s e d  and 
e v a lu a te d . R e fe ren c e  is  made f r e q u e n t ly  t o  e x is t in g  know ledge a n d , s in c e  
b o th  c o n c re te  and cem ent s t a b i l i s e d  m a te r ia ls  c o n s is t  o f  s o l id  p a r t ic le s  
(a g g re g a te s  o r  s o i l  g r a in s )  bonded p a r t ly  o r  f u l l y  by cem en t, in fo rm a t io n  
r e l a t i n g  to  c o n c re te  te c h n o lo g y  is  o f te n  used and e s p e c ia l ly  so when th e r e  
is  la c k  o f  d a ta  on cement s t a b i l i s e d  m a te r ia ls .  T h is  p a r t  o f  th e  t h e s is  a ls o  
d e a ls  b r i e f l y  w ith  some o f  th e  im p lic a t io n s  o f  th e  r e s u l t s  in  r e l a t i o n  t o  
pavem ent a n a ly s is .
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A re v ie w  o f  p u b lis h e d  in fo r m a t io n  on th e  fa t ig u e  b e h a v io u r o f  cem ent 
s t a b i l is e d  m a te r ia ls  is  p re s e n te d  in  C h ap te r 16 .
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F i n a l l y ,  th e  l a s t  p a r t  o f  th e  th e s is  sum marises th e  m ain c o n c lu s io n s  and  
makes recom m endations f o r  f u t u r e  w o rk .
In  o rd e r  to  f a c i l i t a t e  p r e s e n ta t io n  o f  th e  main a s p e c ts  o f  th e  in v e s t ig a t io n ,  
some d e t a i le d  d a ta  and r e s u l t s  o f  s u b s id ia ry  s tu d ie s  a r e  in c lu d e d  in  
A p p e n d ice s .
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REVIEW OF THE MAJOR TESTS TO EVALUATE THE TENSILE STRENGTH OF 
CONCRETE AND OF RELATED MATERIALS.
The im p o rtan ce  o f  th e  t e n s i le  s tre n g th  o f  c o n c re te  has been r e a l i z e d  
f o r  many y e a rs  b u t,b e c a u s e  o f  d i f f i c u l t i e s  in  p e r fo rm in g  " t r u e "  
u n i - a x i a l  t e s t s ,  v a r io u s  in d i r e c t  methods have been d e v e lo p e d .
In  t h is  s e c t io n  o f  th e  t h e s is  th e  two m a jo r in d i r e c t  te n s io n  t e s t s ,  
nam ely th e  c y l in d e r  s p l i t t i n g  t e s t  and th e  f l e x u r a l  t e s t , a re  
d e s c r ib e d  and t h e i r  ad van tag es  and l im i t a t io n s  d is cu s se d  in  r e l a t io n  
to  t h e i r  a p p l i c a b i l i t y  f o r  t e s t in g  cement s t a b i l is e d  m a te r ia ls .  O th e r  
in d i r e c t  methods such as th e  d o u b le  punch t e s t  ( 2 2 ) and th e  r in g  
t e n s i le  t e s t  ( 2 3 )  a re  n o t d e s c r ib e d  as t h e i r  use in  t h i s  re s e a rc h  was 
n o t th o u g h t p r a c t i c a l .
V a rio u s  te c h n iq u e s  f o r  c a r r y in g  o u t u n i - a x i a l  te n s io n  t e s t s  a re  th e n  
d e s c r ib e d  and a r e  d is cu s se d  in  r e l a t i o n  to  t h e i r  s u i t a b i l i t y  f o r  use 
on cement s t a b i l is e d  m a te r ia ls .
4 .1  C y l in d e r  s p l i t t i n g  t e s t
The c y l in d e r  s p l i t t i n g  t e s t  has been accep ted  in  many c o u n tr ie s  
as a method o f  a s s e s s in g  th e  t e n s i le  s t r e n g th  o f  c o n c re te  
(2 4  -  2 7 ) and i t  has a ls o  found some use in  t e s t in g  s t a b i l is e d  
m a te r ia ls  ( 1 2 ,  2 0 ,  2 8 ,  2 9 ,  3 0 ) .
In  th e  t e s t  a c y l i n d r i c a l  specim en , o f  d im ensions  used in  some 
c o u n tr ie s  f o r  com pression  t e s t s ,  is  p la c e d  in  th e  t e s t in g  
m achine w ith  i t s  a x is  h o r iz o n ta l  and a com pressive  lo a d  is  a p p lie d  
a lo n g  two o p p o s ite  g e n e ra to rs . The lo a d  is  u s u a l ly  a p p lie d  th ro u g h  
two p a c k in g  s t r i p s  o f  r e l a t i v e l y  s o f t  m a te r ia l  in  an a tte m p t t o  
a c h ie v e  a more u n ifo rm  lo a d  d is t r i b u t i o n .
F ig u re  4 .1  shows th e  s tre s s  d is t r i b u t io n  in  th e  specim en a c c o rd in g
to  th e  th e o ry  o f  e l a s t i c i t y ,  th e  e f f e c t  o f  th e  w id th  o f  th e
p ac k in g  s t r i p  a ls o  b e in g  tak en  in to  c o n s id e r a t io n  ( 3 1 , 3 2 ) .  I t  can
be seen t h a t  a f a i r l y  u n ifo rm  t e n s i le  s tr e s s  c is  g e n e ra te d
X
p e r p e n d ic u la r  to  th e  Y -a x is  o v e r a p p ro x im a te ly  3 /4  o f  th e  d ia m e te r  
b u t changes to  a c o m p a ra tiv e ly  h ig h  com pressive  s tre s s  a t  th e
or
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lo a d in g  p o s it io n s .  The s t r a in  d is t r i b u t io n  im m e d ia te ly  u n d ern e a th  
th e  p ac ke r in  c o n c re te  specim ens has n o t y e t  been a c c u r a te ly  
m easured a n d ,t h e r e f o r e ,  th e  a c tu a l  s tre s s  d i s t r i b u t io n  is  n o t  
known w ith  c e r t a i n t y .
The specim ens g e n e r a l ly  f a i l  a lo n g  o r  n e a r  t o  th e  v e r t i c a l  
d ia m e tr a l  p la n e , i t  b e in g  observed  in  one in v e s t ig a t io n  ( 3 1 )  
t h a t  f a i l u r e  d id  n o t d e v ia te  more th an  10mm fro m  t h is  p la n e .
Thus, in  c o n tr a s t  to  many u n i - a x i a l  t e s t s ,  o n ly  a r e l a t i v e l y  
s m a ll p r o p o r t io n  o f  th e  specim en volum e is  c r i t i c a l l y  s tre s s e d  
and t h i s ,  a c c o rd in g  to  th e  p r o b a b i l i t y  o f  d i s t r i b u t i o n  o f  weak 
e le m e n ts , would le a d  to  h ig h e r  c y l in d e r  s p l i t t i n g  s tre n g th s  th a n  
u n i - a x i a l  s t r e n g th s . In  a d d i t io n ,  th e  d e r iv a t io n  o f  th e  s tr e s s  
d is t r i b u t io n  in v o lv e s  th e  assum ptions t h a t  th e  m a te r ia l  is^Komogeneous  
and e la s t i c  up to  f a i l u r e  and s in c e  l i n e a r i t y  o f  s tre s s  and s t r a in  
e x is ts  o n ly  up to  a p e rc e n ta g e  o f  th e  u l t im a te  lo a d  f o r  cement 
s t a b i l is e d  m a te r ia ls  ( 8 , 1 2 , 1 3 ) , th e  s t r a in s  in c re a s e  a t  a g r e a te r  
r a t e  th an  th e  c o rre s p o n d in g  s tre s s e s  as u l t im a t e  lo a d  is  approached  
and th e  modulus o f  e l a s t i c i t y  th e r e fo r e  d e c re a s e s . Such b a h a v io u r  
ten d s  to  r e l i e v e  th e  more h ig h ly  s tre s s e d  p a r ts  o f  th e  specim ens  
and t h i s  r e s u l t s  in  c a lc u la te d  s tre n g th  v a lu e s  w h ich  exceed  th e  
t r u e  s tre n g th s  o f  th e  specim en .
The c o m p re s s io n -te n s io n  system  in  th e  c e n tre  s e c t io n  sh o u ld  g iv e  
lo w e r s tre n g th s  th a n  th e s e  o b ta in e d  in  u n i - a x i a l  t e s t s  ( 1 1 ) b u t  
t h is  is  n o t g e n e r a l ly  th e  case .  A cc o rd in g  to  a re v ie w  by P opovics  
( 3 3 )  o f  11 papers  th e  r a t i o  o f  th e  u n i - a x i a l  t e n s i le  s t r e n g th  to  
c y l in d e r  s p l i t t i n g  s tre n g th  f o r  c o n c re te  v a r ie s  fro m  0 . 5 5  to  0 . 9  
and o c c a s io n a lly  to  1 . 0 .  H ow ever, r a t i o  v a lu e s  h ig h e r  th a n  u n ity  
have a ls o  been r e p o r te d  in  some cases (34  -  3 8 )  in c lu d in g  B o fin g e r  
( 1 5 )  who re p o r te d  r a t i o s  o f  0 . 9 9  t o  1 , 3 8  f o r  f i n e  g ra in e d  
s o i l -c e m e n t .
Kennedy and Hudson ( 3 9 )  have in v e s t ig a te d  th e  a p p l ic a t io n  o f  t h i s  
t e s t  to  s t a b i l is e d  m a te r ia ls  and conc luded  fro m  a re v ie w  o f  
e x is t in g  in fo rm a t io n  t h a t  i t  was th e  b e s t t e s t  c u r r e n t ly  a v a i la b le  
f o r  d e te rm in in g  th e  t e n s i le  p r o p e r t ie s  o f  h ighw ay m a t e r ia ls .  More 
s p e c i f i c a l l y ,  Moore e t  a l  ( 4 0 )  have in v e s t ig a te d  th e  fa c to r s  
a f f e c t i n g  th e  t e n s i le  s tre n g th  o f  c e m e n t- tr e a te d  m a te r ia ls  as
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e v a lu a te d  by th e  c y l in d e r  s p l i t t i n g  t e s t .  F u rth e rm o re , Kennedy 
e t  a l  ( 4 1 )  have r e c e n t ly  p re s e n te d  a s e t  o f  c o r r e la t io n s  fro m  
w hich  in d i r e c t  t e n s i l e  s tre n g th s  may be e s t im a te d  from  
u n c o n fin e d  co m press ive  s tre n g th  and from  c o h e s io m ete r v a lu e s  f o r  
c e m e n t- tr e a te d  g r a v e l  and f o r  c e m e n t- tre a te d  cru sh ed  l im e s to n e ,  
b u t th e s e  c o r r e la t io n s  e x h ib ite d  r e l a t i v e l y  h ig h  v a r i a b i l i t y .
In  c o n t r a s t , B o fin g e r  ( 1 5 )  c o n s id e rs  t h a t  e s t im a te s  o f  th e  t e n s i le  
s tre n g th  o f  s o il-c e m e n ts  fro m  c y l in d e r  s p l i t t i n g  t e s t s  a re  o f  
l i t t l e  v a lu e ,  due to  u n c e r t a in t ie s  in  th e  c a lc u la t io n  o f  th e  
s tre s s  a t  f a i l u r e .
In  a d d i t io n ,  Adepegha ( 4 2 )  concluded  fro m  t e s t s  on a cem ent-  
s t a b i l is e d  l a t e r i t e  and a c e m e n t-s ta b i l is e d  sand th a t  th e  fo rm u la  
n o rm a lly  used f o r  c a lc u la t in g  th e  s p l i t  t e n s i l e  s tre n g th  is  
in v a l id a t e d  due to  th e  la r g e  d e fo rm a tio n s  o c c u r in g  a t  th e  lo a d in g  
p o s it io n s  o f  th e  t e s t  specim ens.
L im ita t io n s  o f  th e  t e s t  in  r e la t i o n  to  c o n c re te  have been i d e n t i f i e d  
by Johnston and S id w e ll  ( 4 3 )  who have re p o r te d  t h a t  th e  t e s t  is  
a f f e c te d  by a g g re g a te  s iz e  such t h a t  th e r e  is  a p ro g re s s iv e  
o v e re s t im a te  o f  th e  u n i - a x ia l  t e n s i le  s tre n g th  w ith  in c re a s e  in  
maximum s i z e ,  and a ls o  in  volum e c o n c e n tra t io n  o f  th e  a g g re g a te .
The e f f e c t  o f  maximum s iz e  has been c o n firm e d  by Hannant e t  a l  ( 4 4 )  
who, in  a d d i t io n ,  have I l l u s t r a t e d  a sho rtco m in g  o f  th e  t e s t  by 
re c o rd in g  s u b s ta n t ia l  v a lu e s  o f  " t e n s i le  s t r e n g th ” on p r e - s p l i t  
c y l in d e r s .  I t  seem s, t h e r e f o r e ,  t h a t  th e  s tre n g th  c a lc u la te d  fro m  
th e  c y l in d e r  s p l i t t i n g  fo rm u la  can n o t be d i r e c t l y  r e la t e d  to  th e  
t r u e  t e n s i l e  s t r e n g th  because th e  lo a d  c a r r y in g  c a p a c ity  is  • 
in f lu e n c e d  by th e  m u l t i - a x i a l  s tre n g th  o f  th e  wedge o f  m a te r ia l  
a d ja c e n t to  th e  p a c k in g  s t r ip s  th ro u g h  w hich lo a d  is  a p p l ie d .
A n o th er d is a d v a n ta g e  o f  th e  t e s t ,  r e le v a n t  to  the , p re s e n t r e s e a r c h ,  
is  t h a t  th e  modulus o f  e l a s t i c i t y  cannot be d i r e c t l y  d e te rm in e d  
a lth o u g h  Anagnos e t  a l  ( 4 5 )  have s u g g e s t e d . a  method o f  c a lc u la t in g  
th e  modulus and P o is s o n ’ s r a t i o  from  measured h o r iz o n ta l  and 
v e r t i c a l  d e fo rm a tio n s .
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I t  is  th e r e fo r e  c le a r  from  th e  re v ie w  o f  p u b lis h e d  d a ta  t h a t  th e r e  
a re  c ircu m s tan c es  in  w hich  th e  t e s t  can g iv e  m is le a d in g  in fo r m a t io n  
and i t  seems l i k e l y  t h a t  i t s  use is  e s p e c ia l ly  in a p p r o p r ia te  f o r  a  
re s e a rc h  programme in  w hich th e  m a te r ia ls  t o  be s t a b i l is e d  range  
from  f in e  g ra in e d  s o i ls  to  coarse  g ra in e d  sands and g r a v e ls .  In  
r e je c t in g  th e  t e s t ,  h o w ever, i t  must be em phasized t h a t  acc ep tan c e  
o f  p u b lis h e d  d a ta  showing t h a t  c y l in d e r  s p l i t t i n g  le a d s  to  an 
o v e re s t im a te  o f  t e n s i le  s tre n g th  presupposes t h a t  th e  u n i - a x i a l  
t e n s i le  s tre n g th  on w h ich  th e  com parison is  based is  n o t i t s e l f  an 
u n d e re s tim a te  o f  th e  t r u e  s t r e n g th .  As d is cu s se d  in  S e c tio n  4 .3  o f  
th e  th e s is  an u n d e re s tim a te  o f  u n i - a x i a l  t e n s i le  s tre n g th  can o ccu r  
i f  th e  lo a d in g  sys tem , th e  g r ip p in g  system  o r  th e  method o f  c a s t in g ,  
a re  u n s a t is fa c to r y  in  any r e s p e c t .  R e je c t io n  o f  th e  c y l in d e r  
s p l i t t i n g  t e s t  in  fa v o u r  o f  a u n i - a x i a l  t e s t  th e r e fo r e  im poses an 
o b l ig a t io n  to  f u l l y  s tu d y  th e  system  a d o p te d .
4 .2  F le x u re  t e s t
The f le x u r e  t e s t  p ro v id e d  th e  most commonly acc ep ted  e s t im a te  
o f  th e  t e n s i le  s t r e n g th  o f  c o n c re te  and r e la t e d  m a te r ia ls  
u n t i l  th e  in t r o d u c t io n  o f  th e  c y l in d e r  s p l i t t i n g  t e s t .  A t p re s e n t ,  
th e  use o f  th e  f le x u r e  t e s t  is  r a th e r  l im i t e d  in  p r a c t ic e  
because a s p e c ia l  a rran g em en t o f  th e  t e s t in g  m achine is  r e q u ir e d ,  
th e  specim ens a re  b u lk y  and i t  is  g e n e r a l ly  re c o g n iz e d  t h a t  i t  
o v e re s tim a te s  th e  t r u e  t e n s i l e  s tre n g th  o f  th e  m a t e r ia l .  
N e v e r th e le s s , th e  t e s t  is  v e ry  u s e fu l  e s p e c ia l ly  in  r e l a t i o n  
to  th e  d e s ig n  o f  c o n c re te  pavem ents f o r  ro a d s  and a i r f i e l d s .
The t e s t  p ro c e d u re  c o n s is ts  o f  lo a d in g  to  f a i l u r e  a s im p ly  
sup p o rted  beam e i t h e r  a t  th e  c e n t r a l  p o in t  ( 4 6 )  o r  a t  th e  
t h i r d  p o in ts  ( 2 4 ,  2 6 ,  4 7 ,  4 8 ) .  The c a lc u la t io n  o f  th e  s tre s s  
a t  f a i l u r e  is  based on s im p le  e l a s t i c  b en d in g  th e o ry  assum ing  
t h a t  th e  m a t e r ia l  is  e l a s t i c  up to  f a i l u r e  and t h a t  s tr e s s  is  
p r o p o r t io n a l  to  th e  d is ta n c e  fro m  th e  n e u t r a l  a x i s . I t  has 
been show n,how ever, t h a t  n e i th e r  c o n c re te  ( 1 1 ) n o r cement 
s t a b i l is e d  m a te r ia ls  ( 8 , 1 0 , 1 2 ) have s t r e s s - s t r a i n  
r e la t io n s h ip s  w hich a re  l i n e a r  up t o  f a i l u r e  and th e r e fo r e  
th e  a c tu a l  s tr e s s  d is t r i b u t io n  th ro u g h  th e  d ep th
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o f  th e  beam is  n o t l i n e a r  a£ h ig h  lo a d s  so t h a t  th e  c a lc u la te d  
s t r e s s  a t  f a i l u r e  d i f f e r s  from  th e  t r u e  t e n s i l e  s t r e n g th .
In  a d d it io n  i t  has been o bserved  ( 1 8 , 4 9 , 5 0 )  t h a t  a t  r e l a t i v e l y  h ig h  
lo a d  le v e ls  ( 5 0 - 7 0  p e r  c e n t o f  th e  u l t im a te  lo a d )  c ra c k s  a r e  form ed  
a t  th e  o u te r  f ib r e s  o f  th e  te n s io n e d  zo n e . The p ro p a g a tio n  o f  th e s e  
c ra c k s  is  r e ta r d e d  by le s s  h ig h ly  s tre s s e d  m a te r ia l  n e a re r  t o  th e  
n e u t r a l  a x is  and th e  beam c o n tin u e s  to  c a r r y  a d d i t io n a l  lo a d . The  
fo rm a t io n  o f  th e s e  c ra c k s  in v a l id a t e s  th e  assumed l i n e a r  s tre s s  
d is t r i b u t io n  and r e s u l t s  in  f i c t i t i o u s  e s t im a te s  o f  t e n s i l e  s t r e n g th .
Many in v e s t ig a t io n s  g iv e  e x p e r im e n ta l and t h e o r e t ic a l  d a ta  
s u p p o rt in g  th e  fo r e g o in g  c o n c lu s io n s  ( 1 8 ,  4 9 - 5 4 ) ,  th e  d a ta  re p o r te d  
by Welch ( 5 0 )  r e l a t i n g  to  le a n  c o n c re te  and by M e tc a lf  ( 1 8 )  t o  
s o i l -c e m e n t . Both c o n c lu d e  t h a t  some m ic ro c ra c k in g  ta k e s  p la c e  
in  th e  extrem e f ib r e s  b u t t h a t  t h is  does n o t n e c e s s a r i ly  
p r e c ip i t a t e  f a i l u r e  im m e d ia te ly .
F u rth e rm o re  as re g a rd s  s o i l - c e m e n t , i f  th e  m o d u li in  te n s io n  and in  
com pression a re  a p p r e c ia b ly  d i f f e r e n t , a s  re p o r te d  by B o fin g e r  ( 1 5 )  
and suggested  by M e tc a lf  ( 1 8 ) ,  th e  v a l i d i t y  o f  th e  t e s t  is  f u r t h e r  
l im i t e d  u n le s s  th e  b i-m o d u lu s  e f f e c t  is  ta k e n  in t o  c o n s id e r a t io n .
N e v e r th e le s s , th e  s tre s s e s  induced  in  a cem ented ro adb ase  by t r a f f i c  
lo a d in g  a re  f l e x u r a l  in  n a tu r e  a n d ,in  a d d i t io n ,  d iu r n a l  te m p e ra tu re  
v a r ia t io n s  and d i f f e r e n t i a l  s h r in k a g e  impose a t e n s i le  s tre s s  
g r a d ie n t  in  th e  ro a d b a s e .
A lth o u g h  in  r e a l i t y  ro adb ases  a re  s u b je c te d  t o  a  th r e e  d im e n s io n a l 
s tr e s s  c o n d it io n ,  th e r e  a re  d i f f i c u l t i e s  in  c a r r y in g  o u t f u l l y  
s im u la t iv e  t e s t s  and th e  f l e x u r a l  s tre n g th  is  re g a rd e d  as a v e ry  
u s e fu l  m easure o f  th e  a b i l i t y  o f  cement s t a b i l i s e d  la y e r s  t o  r e s i s t  
th e  s tre s s e s  in d u ced  in  s e r v ic e  ( 1 ) .  T h is  m easure o f  s tre n g th  has 
a ls o  been shown to  be a u s e fu l  p r e d ic t iv e  p a ra m e te r f o r  th e  o n set 
o f  base c ra c k in g  in  t r a f f i c k e d  pavem ents ( 1 ) .
A lth o u g h  th e  e m p ir ic a l  n a tu re  o f  th e  f le x u r e  t e s t  and i t s  consequent 
l im i t a t io n s  w ere  a p p r e c ia te d ,  i t  was d ec id e d  because o f  i t s  
s e m i-s im u la t iv e  n a tu r e  to  in c lu d e  a number o f  f l e x u r a l  t e s t s  in  th e  
re s e a rc h  programme and t o  exam ine i t s  r e la t io n s h ip s  w ith  o th e r  
s tre n g th  m easures and w ith  th e  e l a s t i c  p r o p e r t ie s  o f  th e  m a te r ia ls  
in v e s t ig a t e d .
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The u n i - a x ia l  te n s io n  t e s t  has n o t been used t o  a g r e a t  e x te n t  
in  th e  p a s t because o f  th e  in h e re n t  d i f f i c u l t y  in  lo a d in g  
specim ens w ith o u t  in d u c in g  e i t h e r  b en d in g  s tre s s e s  in  th e  
specim en o r  lo c a l  s tre s s e s  where th e  specim en is  g r ip p e d . 
C o n s id e ra b le  p ro g res s  has been made in  r e c e n t  y e a r s ,  h o w ever, 
le a d in g  to  im proved te c h n iq u e s  w hich  o f f e r  th e  p o s s i b i l i t y  o f  
s tu d y in g  th e  b e h a v io u r  o f  m a te r ia ls  u n d er a w e l l - d e f in e d  lo a d in g  
system . T h is  a llo w s  s tre n g th  t o  be c a lc u la te d  w ith o u t  in t r o d u c in g ,  
as m entioned  p r e v io u s ly ,  q u e s tio n a b le  assum ptions re g a rd in g  
e l a s t i c  b e h a v io u r  u n d er lo a d  w hich  a re  in h e r e n t  in  in d i r e c t  
methods such as f le x u r e  o r  c y l in d e r  s p l i t t i n g .
Most o f  th e  p re s e n t day te c h n iq u e s  have been d eve lo ped  f o r  
t e s t in g  c o n v e n t io n a l c o n c re te  b u t i t  was c o n s id e re d  l i k e l y  t h a t  
th e y  w ould a ls o  be s u i ta b le  f o r  cement s t a b i l is e d  m a te r ia ls .  In  
th e  fo l lo w in g  s e c t io n  o f  th e  th e s is  th e  e x is t in g  methods a re  
b r i e f l y  re v ie w e d  in  o rd e r  to  in d ic a t e  th e  b a s is  o f  s e le c t in g  
th e  method adopted  f o r  th e  p re s e n t re s e a rc h .
Many te c h n iq u e s  have been t r i e d  in  th e  p a s t and some o f  them a re  
s t i l l  in  c u r r e n t  use .  They may be d iv id e d  in t o  fo u r  g ro u p s , 
a c c o rd in g  to  th e  method o f  a p p ly in g  th e  t e n s i l e  lo a d ,  as 
f o l lo w s :
a . The lo a d  is  a p p lie d  th ro u g h  embedded b a r s ,s tu d s  o r U b o l t s .
b . The lo a d  is  a p p lie d  to  specimens w ith  e n la rg e d  ends th ro u g h
g r ip s  o r jaw s o r  th ro u g h  wedge a c t io n .
c . The lo a d  is  a p p lie d  th ro u g h  g lu ed  end p ie c e s  such as s t e e l  
p la t e s ,  s id e  p la te s  o r brush  p la te n s .
d . The lo a d  is  a p p lie d  by l a t e r a l  c la m p in g .
4 . 3 . 1  Load a p p lie d  th ro u g h  embedded b a rs
The p r in c ip le  is  to  a p p ly  th e  p u l l in g  fo r c e  th ro u g h  b a r s ,  
stu d s  o r U b o lts  embedded in  th e  specim en d u r in g  c a s t in g ,
as shown in  F ig u re  4 . 2 . a .  The system  has found some use
in  t e s t in g  c o n c re te  ( 3 1 ,  3 6 ,  5 5 - 5 8 )  and in  t e s t in g  le a n  
c o n c re te  ( 1 7 ) ,  An e x te n s io n  o f  t h is  concept is  th e  method
4 .3  U n i - a x ia l  t e n s i o n  t e s t s
-  23 -
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Fig. 4 .2 .d. A f t e r  Pa t ankar  5. Wil l iams
( 14 )
F i g u r e  4 2  L o a d  a p p l i e d  t h r o u g h  e m b e d d e d  b a r s
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em ployed a t  th e  O t to -G r a f  I n s t i t u t e  ( 5 9 )  and by Evans and 
M arathe  (.60) in  w hich h o le s  were form ed in  th e  e n la rg e d  
ends o f  specim ens and th e  t e n s i le  fo r c e  a p p lie d  th ro u g h  
b ars  in s e r te d  in  th e  h o le s .
The in c lu s io n s  must be a c c u r a te ly  embedded in  th e  specim en  
o th e rw is e  th e  a p p l ic a t io n  o f  lo a d  c o u ld  in tro d u c e  b en d in g  
and t h i s  in tro d u c e s  d i f f i c u l t y  because th e  d e v ic e s  need t o  
be h e ld  in  p o s it io n  d u r in g  c a s t in g .  The g r e a te r  th e  number 
o f  b a rs  embedded th e  more u n ifo r m ly  is  th e  s tr e s s  
t r a n s m it te d  in t o  th e  c o n c re te  mass, w ith  le s s  danger o f  
p re m atu re  o r p r e f e r e n t i a l  f r a c t u r e  a t  th e s e  lo c a t io n s .  The 
l a r g e r  number o f  embedded b a r s , h o w ever, in c re a s e s  th e  
p r a c t ic a l  p rob lem  o f  h o ld in g  th e  b a rs  in  p o s i t io n  d u r in g  
c a s t in g  and p u l l in g  them  u n ifo r m ly  d u r in g  t e s t i n g . I n  o rd e r  
t o  a v o id  lo c a l i z e d  end f r a c t u r e s ,  specim ens w ith  e n la rg e d  
ends, w ith  s p e c ia l  r e in fo r c e m e n t , w ith  s tro n g e r  m ixes a t  
th e  end s , o r  w ith  a c o m b in a tio n  o f  th e s e  m easures have been  
u se d . The m a n u fa c tu re  o f  te n s io n  specim ens t h e r e fo r e  becomes 
v e ry  c o m p lic a te d  and any success a c h ie v e d  a p p lie s  o n ly  to  
th e  p a r t i c u l a r  m ixes used,  th e re b y  re d u c in g  th e  g e n e ra l  
a p p l i c a b i l i t y  o f  th e  m ethod. In  p a r t i c u l a r ,  th e  use o f  
s tro n g e r  m ixes a t  th e  ends o f te n  le a d s  t o  f a i l u r e  a t  th e  
i n t e r f a c e  betw een th e  two m ixes due t o  in a d e q u a te  o r  
d e f e c t iv e  bond.
Todd ( 5 8 ) ,  in  an a tte m p t t o  o b ta in  com ple te  t e n s i l e  s t r e s s -  
s t r a in  c u rves  f o r  c o n c re te , re p o r te d  an in t e r e s t in g  te n s io n  
t e s t  a rran g em en t c o n s is t in g  o f  a 1 0 1 . 6  mm d ia m e te r  
c y l i n d r i c a l  specim en 305 mm lo n g , r e in fo r c e d  in  th e  c e n tre  
w ith  a k n u r le d  r o d ,  as shown in  F ig u re  4 . 2 . b ,  t o  w hich th e  
lo a d  was a p p l ie d .  An e l e c t r i c a l  r e s is ta n c e  s t r a in  gauge was 
g lu ed  to  th e  m id d le  o f  th e  ro d  and p ro te c te d  by a s h o r t  
le n g th  c o n c e n tr ic  s t e e l  tu b e  w hich was c o a ted  w ith  wax to  
b re a k  bond w ith  th e  c o n c re te . The s t r e s s - s t r a in  c u rv e  o f  
th e  c o n c re te  co u ld  be deduced fro m  th e  m achine lo a d  and th e  
gauge r e a d in g  b u t Todd d id  n o t manage to  o b ta in  a f a l l i n g -  
o f f  branch o f  th e  s t r e s s - s t r a in  c u rve  due p ro b a b ly  t o  uneven  
s tre s s  d is t r i b u t io n  n e a r th e  f r a c t u r e  p la n e .
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P e l t i e r  s u b s e q u e n tly  re p o r te d  a s im i la r  b u t s im p l i f ie d  
t e s t  a rra n g e m e n t, shown in  F ig u re  4 . 2 . c , i n  w hich a v e ry  
s o f t  s p r in g  ensured  t h a t  th e  two ro d s  c o u ld  s l id e  one in t o  
th e  o th e r  so t h a t  s h r in k a g e  s tre s s e s  w ere  n o t in duced  in  
th e  specim en. The c e n t r a l  p a r t  o f  th e  ro d s  w here th e y  
in te rc o n n e c te d  was covered  w ith  a s le e v e  o f  b itu m in o u s  pap er  
to  p re v e n t b o n d ing  between th e  c o n c re te  and th e  s t e e l  r o d .  
T h is  s le e v e ,  h o w ever, sh o u ld  be lo n g  enough to  p re v e n t an 
uneven s tr e s s  d is t r i b u t io n  o c c u rr in g  in  th e  c e n t r a l  p a r t  o f  
th e  specim en and t h i s  p o s s i b i l i t y  cannot be e xc lu d ed  fro m  
th e  t e s t  a rran g em en t used by H a la b i ( 36 ) '  and shown in  
F ig u re  4 . 2 . c
The use o f  embedded b a rs  in  t e s t in g  cement s t a b i l is e d  
m a te r ia ls  is  more d i f f u c u l t  th an  in  t e s t in g  c o n c re te  
because o f  th e  com paction  methods em ployed f o r  th e s e  
m a te r ia ls .  P a ta n k a r  and W illia m s  ( 1 4 )  c a r r ie d  o u t a l im i t e d  
number o f  u n i - a x i a l  te n s io n  t e s t s  on d ry  le a n  c o n c re te  and  
on le a n  c o n c re te  m o d if ie d  by in c o r p o r a t in g  b itu m e n . The 
specim ens, shown in  F ig u re  4 . 2 . d ,  w ere  838 mm lo n g  w ith  th e  
c e n t r a l  p a r t  made w ith  le a n  c o n c re te  com pacted by a 
v ib r a t in g  hammer, a p p lie d  under p re s s u re , and w ith  e n la rg e d  
ends made w ith  r ic h  and w o rk ab le  c o n c re te  com pacted u s in g  
an i n t e r n a l  v i b r a t o r .  D i f f i c u l t y  was found  due to  th e  l a t e r a l  
movement o f  th e  le a n  c o n c re te  d u r in g  com paction  and 
p re c a u tio n s  f o r  e f f e c t i v e  bonding  o f  th e  two m ixes had t o  be 
ta k e n  by ro u g h e n in g  and c h a m fe rin g  th e  fa c e s  o f  th e  f r e s h ly  
com pacted le a n  c o n c re te  to  be bonded w ith  th e  o r d in a r y  
c o n c re te . The te c h n iq u e  gave s a t is f a c t o r y  r e s u l t s  as ju d g ed  
fro m  th e  l im i t e d  number o f  t e s t s  b u t i t  was t im e  consuming  
and g e n e r a l ly  n o t s u i ta b le  f o r  e x te n s iv e  use .
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4 , 3 . 2  Load a p p lie d  th ro u g h  g r ip s  o r  jaw s o r  th ro u g h  wedge 
a c t io n  to  specim ens w ith  e n la rg e d  ends
The te n s io n  t e s t  most commonly used in  th e  p a s t is  t h a t  in  
w hich th e  specim en has e n la rg e d  ends f i t t i n g  in t o  s p e c ia l ly  
shaped lo a d in g  j a w s ,  t he  b e s t  known specim en u s in g  t h i s  
method b e in g  th e  b r iq u e t t e .  P h o to e la s t ic  and a n a ly t ic  s tu d ie s ,  
h o w ever, have shown t h a t  a t  th e  c r i t i c a l  s e c t io n  o f  the  
b r iq u e t t e ,  o r  s im i la r  specim en, a non u n ifo rm  s tre s s  
d is t r i b u t io n  is  d e v e lo p e d . T h is  f in d in g  le d  to  v a r io u s  
m o d if ic a t io n s  o f  th e  o r i g in a l  system  w hich  in c lu d e d  in c r e a s in g  
th e  le n g th  o f  th e  c e n t r a l  p a r t  o f  th e  specim en , d e s ig n in g  
th e  t r a n s i t i o n  zone to  e l im in a te  s tr e s s  c o n c e n tr a t io n s ,  
in c re a s in g  th e  a re a  o f  th e  specim en in  c o n ta c t  w ith  th e  
p u l l in g  j a w s ,  o r  p r o v id in g  m e ta l r in g s  around th e  e n la rg e d  
ends o f  th e  specim en . N e v e r th e le s s  t h e r e  rem ains  a ten d en cy  
f o r  f a i l u r e s  t o  occu r a t  th e  p o in t  w here th e  specim en is  
g rip p e d  by th e  jaw s o f  th e  t e s t in g  m achine. Such a system  has 
r e c e n t ly  been used by Komlos ( 3 7 ,  6 1 , 6 2 )  f o r  t e s t in g  c o n c re te  
(F ig u r e  4 . 3 a )  and by B o fin g e r  f o r  t e s t i n g  s o i l-c e m e n t  u n d er  
re p e a te d  lo a d in g  ( 6 3 , . 6 4 ) .
B o fin g e r  ( 1 5 )  has compared th e  s tre n g th  o b ta in e d  from  
b r iq u e t t e  s o i l-c e m e n t  specim ens w ith  th e  s t r e n g th  o b ta in e d  
fro m  p r is m a t ic  specim ens in  which th e  t e n s i le  lo a d  was a p p lie d  
th ro u g h  s id e  p la te s  g lu ed  to  th e  specim en ends and found no 
s i g n i f i c a n t  d i f f e r e n c e  betw een th e  s tre n g th s  o b ta in e d  fro m  th e  
two m ethods. S in c e  th e  volum e u n d er t e s t  in  th e  p r is m a t ic  
specim ens was c o n s id e ra b ly  la r g e r  th a n  th e  volume un d er t e s t  
in  th e  b r iq u e t t e s ,  th e  r e s u l t s  sug g est t h a t  th e  s tre s s  
c o n c e n tra t io n s  d e v e lo p e d  in  th e  b r iq u e t t e  specim ens a re  o f  
g r e a te r  s ig n i f ic a n c e  th a n  th e  s tr e s s  c o n c e n tra t io n s  d ev e lo p e d  
in  th e  p r is m a t ic  specim ens.
E lv e r y  and Haroun ( 6 5 )  d eve lo p ed  a t e s t i n g  system  in  w hich  
c y l i n d r i c a l  specim en w ith  f l a r e d  end s e c tio n s  a re  g r ip p e d  
by wedge a c t io n  in  ta p e re d  a n n u la r  caps as shown in  F ig u re  
4 . 3 , b  and o b ta in e d  s a t is f a c t o r y  r e s u l t s .  A s im i la r  method was 
d eve lo p ed  r e c e n t ly  by Edging.!©*). ( 6 6 ) in  w hich a specim en
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Fig. 4.3.a Briquette system (
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Fig. 4.3.b Annular cap system after 
Elvery & Haroun(65)
Fig. 4.3.c Wedge grip after Edgington (66 )
F i g u r e  U.3. L o a d  a p p l i e d  t o  s p e c i m e n s  w i t h  e n l a r g e d  e n d s  
t h r o u g h  g r i p s  o r  j a w s  or  t h r o u g h  w e d g e  a c t i o n
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w ith  a 25X38 mm c e n t r a l  s e c t io n  and w ith  e n la rg e d  ends is  
te s te d  in  te n s io n  by means o f  th e  wedge g r ip  system  shown 
in  F ig u re  4 . 3 . c .  A f l e x i b l e  c a b le  is  used in  b o th  system s  
to  e l im in a te  e c c e n t r ic i t y  b u t u n iv e r s a l  jo in t s  c o u ld  a ls o  
be used f o r  t h is  p u rp o se . In  E d g in g h to n 's  m ethod, a t h r u s t  
ra c e  is  p ro v id e d  in  o rd e r  to  m in im ise  any t o r s io n  in duced  
by c a b le  s t r a ig h te n in g  u n d er lo a d ,
4 . 3 . 3  Load a p p lie d  th ro u g h  g lu ed  e n d -p ie c e s
In  t h i s  sys tem , th e  lo a d  is  a p p lie d  th ro u g h  end p i e c e s ,  
u s u a lly  m e ta l p la t e s ,  w hich a re  g lu ed  to  th e  specim en  
en d s , th e  method b e in g  made p o s s ib le  by th e  r e l a t i v e l y  
re c e n t  developm ent o f  h ig h  s tre n g th  epo xy-b ased  a d h e s iv e s .
I t  has been used e x te n s iv e ly  f o r  t e s t in g  c o n c re te  by many 
re s e a rc h  w o rk ers  in c lu d in g  Baus ( 6 7 ) ,  Rusch and H i ls d o r f  ( 5 2 )  
H eilm ann e t  a l  ( 3 8 ) ,  Hughes and Chapman ( 6 8 , 6 9 ) ,  K ad lecek  
and S p e t la  ( 7 0 .  7 1 ) ,  B o n ze l and K ad lecek  ( 7 2 )  and T h e o c a ris  
e t  a l  ( 7 3 ) .  R e fe re n c e  to  t h i s  method f o r  t e s t in g  cement 
s t a b i l is e d  m a te r ia ls  was made in  1962 by M e tc a lf  and Frydman 
( 2 8 )  and in  1967 by Bonnot ( 7 4 )  b u t no re c o rd  has been t r a c e d  
o f  r e s u l t s  b e in g  r e p o r te d .  P ro b a b ly  th e  f i r s t  a u th o r  to  
p u b lis h  r e s u l t s  on cement s t a b i l is e d  m a te r ia ls  te s te d  u s in g  
t h is  method was B o fin g e r  ( 1 5 )  i n  1 97 0 ,  when th e  p re s e n t  
re s e a rc h  was un d er w ay, and a y e a r  l a t e r  K e t t le  ( 7 5 )  a ls o  
su c ce s sfu lly  used t h is  method f o r  t e s t i n g  cement s t a b i l is e d  
c o l l i e r y  s h a le .
In  o rd e r  to  m in im iz e  e c c e n t r ic i t y ,  th e  end p la te s  a re  connected  
to  th e  t e s t in g  m achine by a t i e  ro d  and b a l l  and s o c k e t j o i n t  
( 6 8 - 7 2 ) ,  o r by a f l e x i b l e  c a b le  ( 7 5 )  o r  a c h a in . The 
predom inance o f  f r a c t u r e  n e a r th e  end p la t e s , w h ich  was 
i n i t i a l l y  o b s e rv e d , has prom pted th e  use o f  specim ens w ith  
a red uced  c e n t r a l  s e c t io n  ( 3 7 ,  52,  6 8 , 6 9 ) ,  th e  use o f  o v e rs iz e  
m e ta l p la te s  and th e  a p p l ic a t io n  o f  an epoxy m o rta r  around th e  
ends o f  th e  specim en ( 7 0 ,  7 1 ,  7 3 ) ,  o r g lu e in g  m e ta l p la te s  t o  
th e  s id e s  o f  th e  specim en ( 1 5 ) ,  as shown in  F ig u re  4 . 4 .
-2 9 -
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Fig. 4.4.a Af ter  Spetla & Kadlecek ( 7 0  ) Fig. 4.4.b A f t e r  Riisch & Hi lsdorf  ( 5 2  )
Steel end block
63.5
Flexible cable
—— 101.6 ----- {■
Fig. 4.4.c Af t e r  Hughes & Chapman { 6S ) Fig. 4.4. d A f t e r  K e t t l e  ( 7 5 )
304 .8  mm x 76.2 x 76.2 
block with plates glued 
to the sides at each end
Fig.  4.4.o A f t e r  Bof inger  ( 15  )
F i g u r e  4 .4 . L o a d  a p p l i e d  t h r o u g h  g l u e d  e n d  p i e c e s
-  30 -
S p e tla  and K ad lecek  ( 7 0 )  a p p lie d  th e  epoxy m o rta r  f i l l e t  
around th e  specim en ends as shown in  F ig u re  4 . 4 . a ,  t o  a v o id  
th e  need f o r  g r in d in g  th e  c o n c re te  s u r fa c e  to  a c o n s id e ra b le  
d ep th  in  p r e p a r a t io n  f o r  g lu e in g  as recommended by Baus ( 6 7 )  
because o f  th e  weak and h ete ro gen eo u s  s u r fa c e  la y e r  form ed  
in  th e  c o n c re te  d u r in g  c o m p actio n . The f i l l e t s  in c re a s e d  
th e  c ro ss  s e c t io n  o f  th e  specim en ends a n d , in  e f f e c t ,  th e  
specim ens had e n la rg e d  ends. S p e t la  and K ad lecek  ( 7 0 )  
re p o r te d  a s a t is f a c t o r y  d is t r i b u t io n  o f  f a i l u r e  lo c a t io n s  
b o th  on p rism s and on c y l in d e r s  t e s t e d  w ith  t h i s  m ethod.
L o c a liz e d  f a i l u r e s  a t  o r  n e a r  th e  ends o f  specim ens w ith o u t  
a re d u c ed  c e n t r a l  s e c t io n  a re  a t t r ib u t e d  to  s tre s s  
c o n c e n tra t io n s  s e t  up in  th e  c o n c re te  by s h r in k a g e  in  
c o m b in a tio n  w ith  r e s t r a in e d  l a t e r a l  movements a t  th e  
in t e r f a c e  due t o  d i f fe r e n c e s  in  th e  e l a s t i c  p r o p e r t ie s  o f  
th e  m e ta l p la te s  and o f  th e  c o n c re te  specim en ( 5 2 ) .
Hughes and Chapman in v e s t ig a te d  th e  p ro b lem  more c lo s e ly  ( 6 8 ) 
and showed t h a t  end f a i l u r e s  were n o t  n e c e s s a r i ly  caused o n ly  
by s h r in k a g e  s t r e s s ,  . In s te a d ^ th e y  a t t r ib u t e d  th e  lo c a l i z e d  
f a i l u r e s  to  th e  c o m p lic a te d  s tr e s s  system  d eve lo p ed  a t  th e  
in t e r f a c e  betw een  th e  c o n c re te  and th e  a d h e s iv e  as shown in  
F ig u re  4 . 5 ,  The s h e a r s tr e s s  d eve lo p ed  a t  th e  c o n c re te  
a d h e s iv e  in t e r f a c e  is  in f lu e n c e d  by th e  e l a s t i c  p r o p e r t ie s  
o f  th e  c o n c re te  and o f  th e  a d h e s iv e  and by th e  th ic k n e s s  
o f  th e  la y e r  o f  th e  a d h e s iv e . The end f a i l u r e s  co u ld  be 
e x p la in e d  by th e  t r i - a x i a l  s tre s s  system  t o  w hich  th e  
c o n c re te  n e a r  th e  in t e r f a c e  is  s u b je c te d  (c o m p re s s io n , 
co m p ress io n , te n s io n )  and i t  fo l lo w s  t h a t  u n le s s  th e  s h e a r  
s tre s s e s  a r e  m in im iz e d , specim ens w ith  e n la rg e d  ends as 
shown in  F ig u re  4 . 4 . b  and 4 . 4 . c ,  sho u ld  be used in  o rd e r  
to  a v o id  end f a i l u r e s .
K e t t le  ( 7 5 ) , h o w ev e r, te s te d  cement s t a b i l is e d  c o l l i e r y  
s h a le  c y l i n d r i c a l  specim en s , w ith o u t  red uced  c e n t r a l  s e c t io n  
as shown in  F ig u re  4 . 4 . d ,  w ith  s a t is f a c t o r y  r e s u l t s  fro m  th e  
p o in t  o f  v ie w  o f  f a i l u r e  d is t r i b u t io n  and u n ifo r m ity  o f  
re c o rd e d  s t r e n g th s .
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In  t h is  case i t  appears  t h a t  th e  s tr e s s  c o n c e n tra t io n s  a t  
th e  g lu e -s p e c im e n  in t e r f a c e  had no e f f e c t  on th e  r e s u l t s  
o b ta in e d . K e t t le  suggests  t h a t  t h is  is  p ro b a b ly  due to  th e  
f a c t  t h a t  th e  modulus o f  e l a s t i c i t y  and P o is s o n ’ s r a t i o  o f  
th e  cement s t a b i l is e d  s h a le  and g lu e  a re  o f  th e  same o rd e r  
o f  m a g n itu d e ,th e re b y  m in im iz in g  th e  s tre s s  c o n c e n tra t io n  
e f f e c t .  In  a d d i t i o n ,s t a t i c  com paction  in  c o n s ta n t volum e  
moulds as was used in  t h i s  case is  l i k e l y  to  c r e a te  zones  
o f  m a r g in a l ly  h ig h e r  d e n s ity ,a n d  t h e r e fo r e  o f  h ig h e r  
s tr e n g th ,  a t  th e  specim en ends ( 2 0 ) th e re b y  re d u c in g  th e  
p r o b a b i l i t y  o f  end f a i l u r e .
B o n ze l and K ad le ce k  ( 7 2 )  and B onze l ( 7 6 )  a ls o  r e p o r t  d e t a i l s  
o f  te n s io n  t e s t s  on c o n c re te  c y lin d e r s  w ith o u t  e i t h e r  
r e in f o r c in g  f i l l e t s  o r  red uced  c e n t r a l  s e c t io n  b u t th e y  do 
n o t g iv e  d e t a i ls  o f  f r a c t u r e  d i s t r i b u t i o n .  The same rem ark  
a ls o  a p p lie d  to  Baus ( 6 7 )  and t o  B o fin g e r  ( 1 5 ) ,  B o n ze l ( 7 6 ) ,  
h o w ever, r e f e r s  to  th e  f a c t  t h a t  f r a c tu r e s  to o k  p la c e  n o t  
o n ly  in  th e  c e n t r a l  p a r t  b u t a ls o  n e a r  t o  th e  specim en ends 
and t h a t  th e  s tr e n g th  o f  specim ens w h ich  f a i l e d  in  th e  c e n t r a l  
p a r t  d id  n o t d i f f e r  from  th e  s tre n g th  o f  specim ens w hich  
f a i l e d  n e a r  th e  ends,
B o fin g e r  ( 1 5 )  te s te d  f in e  g ra in e d  s o i l-c e m e n t  specim ens in  
te n s io n  by g lu e in g  m e ta l p la te s  to  th e  specim en s id e s ,a s  
shown in  F ig u re  4 . 4 . e ,  because he c o n s id e rs  t h a t  th e  
s tre n g th s  re c o rd e d  by t h i s  method a re  h ig h e r  th a n  th o s e  
o b ta in e d  by g lu e in g  p la te s  to  th e  specim en ends.
The s id e  p la t e  method e f f e c t i v e ly  c re a te s  a specim en w ith  
e n la rg e d  ends b u t  w ith o u t  g ra d u a l t r a n s i t io n  from  th e  c e n t r a l  
s e c t io n  to  th e  com posite  end s e c t io n .  I t  is  t h e r e fo r e  l i k e l y  
t h a t  t h is  system  a ls o  c re a te s  s tre s s  c o n c e n tr a t io n s , and 
th e s e  would be exp ec ted  to  le a d  to  a h ig h  in c id e n c e  o f  
f r a c t u r e  a t  th e  end o f  th e  s id e  p la t e s .
Bonnot ( 7 7 )  r e c e n t ly  announced a method d eve lo p ed  a t  th e  
L a b o ra to ir e  C e n tra le  des Fonts e t  Chausse'es o f  p re p a r in g  and 
t e s t in g  in  te n s io n  m a te r ia ls  t r e a te d  w ith  h y d r a u lic  b in d e r s .
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E = modulus of e lasticity  
JJ. =Poisson’s r a t i o
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F i g u r e  4 . 5  R e s t r a i n t  i m p o s e d  o n  t h e  g l u e d  s u r f a c e  o f  s p e c i m e n  
d u e  t o  t h e  d i f f e r e n t  e l a s t i c  p r o p e r t i e s  o f  
a d h e s i v e  a n d  s p e c i m e n
F i g u r e  4 . 6  T e n s i o n  t e s t  w i t h  b r u s h  p l a t e s  ( 7 8 , 7 9  )
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The c y l i n d r i c a l  specim ens have e n la rg e d  ends and a re  
p re p a re d  w ith  a v ib ro -c o m p re s s iv e  method o f  com paction  
w ith o u t  in d u c in g  a d e n s ity  g r a d ie n t .  When i n i t i a l l y , specim ens  
w ith o u t  e n la rg e d  ends w ere u se d , s y s te m a tic  f a i l u r e s  a t  th e  
specim en ends w ere o b ta in e d  b u t when e n la rg e d  ends were  
adopted  th e  number o f  end f a i l u r e s  was red uced  to  5 p e r  c e n t .
An in g e n io u s  and n o v e l method o f  a v o id in g  end f a i l u r e s  due
to  d i f fe r e n c e s  in  l a t e r a l  movements o f  th e  m a te r ia ls  a t  th e
g lu e -s p e c im e n  in t e r f a c e  was re p o r te d  by K u p fe r , H i ls d o r f
and Rusch ( 7 8 )  and has a ls o  been used by N e lis s e n  ( 7 9 ) .  Brush
use
p la te n s  a re  g lu ed  a t  th e  specim en ends by o f  an epoxy  
a d h e s iv e ,c a re  b e in g  ta k e n  to  a v o id  th e  d is p la c e m e n t o f  th e  
g lu e  in t o  th e  space betw een th e  b ru sh  ro d s  by s e a l in g  th e  
spaces w ith  ru b b e r  as shown in  F ig u re  4 . 6 .  In  t h i s  way th e  
ro d s  a re  f r e e  to  move l a t e r a l l y  and th u s  no r e s t r a i n t  is  
imposed on th e  l a t e r a l  movement o f  th e  specim en . The p la te s  
can a ls o  be used f o r  a p p ly in g  com pression w ith o u t  end 
r e s t r a i n t  and in  f a c t  5t h is  method has been used f o r  b i - a x i a l  
and t r i - a x i a l  t e s t s  on c o n c re te . H o w e v e r,th e  number o f  b ru sh  
p la te n s  w hich  can be a v a i la b le  in  a la b o r a to r y  is  l i k e l y  to  
be l im i t e d  by t h e i r  h ig h  c o s t .  F u rth e rm o re , th e r e  a re  
p r a c t ic a l  d i f f i c u l t i e s  in  c le a n in g  and g lu e in g  th e  b rush  
p la te n s  and t h e r e fo r e  th e  number o f  t e s t s  w hich c o u ld  be 
made p e r day is  r e s t r i c t e d .  So f a r  as th e  work re p o r te d  in  
th e  th e s is  is  co n c ern e d , an a d d i t io n a l  o b je c t io n  is  t h a t -  
cement s t a b i l is e d  m a te r ia ls  c o v er a w id e  ra n g e  o f  v a lu e s  o f  
modulus o f  e l a s t i c i t y  and an a p p re c ia b le  ra n g e  o f  v a lu e s  o f  
P o is s o n ’ s r a t i o  ( 1 9 )  so t h a t  a ra n g e  o f  brush  p la te n s  o f  
d i f f e r e n t  l a t e r a l  s t i f f n e s s  would p ro b a b ly  be needed in  
o rd e r  to  ensure  s a t is f a c t o r y  r e s u l t s .  F i n a l l y ,  i t  w ould be 
exp ec ted  t h a t  th e  r e la t io n s h ip  betw een th e  b ru sh  ro d  
dim ensions and a g g re g a te  s iz e  co u ld  a ls o  in f lu e n c e  th e  
f a i l u r e  lo c a t io n  b u t no in fo rm a t io n  is  a t  p re s e n t a v a i la b le  
on t h is  a s p e c t.
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4 , 3 . 4  Load a p p lie d  by l a t e r a l  c lam p in g
The f i r s t  use o f  l a t e r a l  c lam p in g  f o r  te n s io n  t e s t s  was 
p ro b a b ly  done by Abrams who te s te d  c y l i n d r i c a l  specim ens  
by g r ip p in g  them a t  th e  ends w ith  le a t h e r  l in e d  s p l i t  
c y l i n d r i c a l  clam ps ( 8 0 ) .
In  1 9 6 0 ,0 ’ C le ry  and B yrne ( 8 1 )  d e v is e d  a  new method o f  l a t e r a l  
c lam p in g  u s in g  la z y  to n g  g r i p s ' a s  shown in  F ig u re  4 . 7 a .
The specim ens had e n la rg e d  ends a n d , in  a d d i t io n ,  were  
r e in fo r c e d  w ith  two la y e r s  o f  expanded m e ta l to  p re v e n t  
f a i l u r e  under th e  g r ip s .  S t a t i s t i c a l  d a ta  was p re s e n te d  to  
a llo w  th e  c o n s is te n c y  o f  th e  t e s t in g  method to  be ju d g ed  and 
i t  was sug g ested  t h a t  th e  te n s io n  t e s t  is  b e t t e r  th a n  th e  
com pression  t e s t  f o r  e v a lu a t in g  c o n c re te s  and c o u ld  be 
in tro d u c e d  f o r  s i t e  use .  Ward s u b s e q u e n tly  d eve lo p ed  th e  
s in g le  s c is s o r  te c h n iq u e  shown in  F ig u re  4 . 7 b  f o r  t e s t in g  
specim ens w ith  a red uced  c e n t r a l  s e c t io n  and o b ta in e d  
s a t is f a c t o r y  r e s u l t s  a lth o u g h  some f a i l u r e s  o c c u rre d  in  th e  
t r a n s i t io n  zone fro m  th e  c e n t r a l  s e c t io n  to  th e  e n la rg e d  
ends ( 8 2 ) .
The la z y  to n g  system  was f u r t h e r  d eve lo p ed  by Johnston and 
S id w e ll  ( 4 3 )  who in tro d u c e d  a s t i f f  p la t e  betw een th e  r o l l e r  
and th e  spec im en , as shown in  F ig u re  4 . 7 . c ,  t o  t r a n s m it  th e  
l a t e r a l  fo r c e  to  th e  specim en . T h is  m o d if ic a t io n  would red u ce  
th e  maximum p re s s u re  a p p lie d  to  th e  specim en and d is t r i b u t e  
th e  f r i c t i o n  fo r c e s  o ver th e  s u r fa c e  o f  th e  specim en in  
c o n ta c t  w ith  th e  p la t e  so t h a t  t h e i r  in t e n s i t y  i s  re d u c e d .
As a r e s u l t ,  Johnston  and S id w e ll  w ere  a b le  to  t e s t  p r is m a t ic  
specim ens w ith o u t  e i t h e r  reduced  c e n t r a l  s e c t io n  o r  th e  need
f o r  r e in fo r c e d  ends. The g r ip s  w ere  s u i ta b le  f o r  use on
e i t h e r  1 0 1 .6 X 1 0 1 .6 X 5 0 8  mm o r . 1 5 2 . 4 X 1 5 2 . 4 X 7 1 1  mm s ta n d a rd  
f le x u r e  specim ens as w e l l  as on specim ens o f  lo n g e r  le n g th .
The t e s t  was e v a lu a te d  ( 4 3 )  in  term s o f  s t r a in  d i s t r i b u t i o n ,  
f r a c t u r e  d i s t r i b u t i o n ,  lo a d in g  e c c e n t r ic i t y  and c o n s is te n c y  
o f  r e s u l t s  and i t  was found to  be s a t is f a c t o r y .  S e c tio n  5 o f
th e  th e s is  g iv e s  d e t a i l s  o f  a s im i la r  e v a lu a t io n  o f  th e
system  when used on cement s t a b i l is e d  m a t e r ia ls .
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Fig. 4.7a A f t e r  O' Cl ery & By r n e ( 81 )  Fig. 4.7. b A f t e r  Wa r d  ( s 2 : )
Fig.  4.7. c A f t e r  J o h n s t o n  & Si dwe l l  ( 4 3 )
F i g u r e  U . 7  L o a d  a p p l i e d b y  l a t e r a l  c l a m p i n g
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The re v ie w  o f  methods o f  te n s io n  t e s t i n g  a llo w s  th e  f o l lo w in g  
comments t o  be made in  r e l a t i o n  to  t h e i r  s u i t a b i l i t y  f o r  
use on cement s t a b i l is e d  m a te r ia ls .
Load a p p lie d  th ro u g h  embedded b ars
G e n e ra lly  t h is  method is  n o t used now v e ry  o f te n  due to  
d i f f i c u l t i e s  and in a c c u ra c ie s  in  p r e p a r a t io n  and t e s t in g  
o f  th e  specim ens. Because o f  th e  com paction  method ado p ted  
f o r  cem ent s t a b i l i s e d  m a t e r i a l s , i t  i s  v e r y  d i f f i c u l t  to  
h o ld  b a r s ,  s tu d s  o r U b o lts  a c c u r a te ly  in  p o s it io n  w h ile  th e  
specim en is  com pacted. An a tte m p t to  overcome t h i s  by u s in g  
r ic h e r  and more w o rk a b le  m ixes o f  o r d in a r y  c o n c re te  a t  th e  
ends in tro d u c e d  u n c e r t a in t ie s  in  th e  e f fe c t iv e n e s s  o f  th e  
b o n d in g  o f  th e  two m ixes and e x t r a  d i f f i c u l t i e s  in  p r e p a r in g  
th e  specim en s .
Load a p p lie d  th ro u g h  g r ip s  o r  jaw s o r  th ro u g h  wedge a c t io n  
to  specim ens w ith  e n la rg e d  ends.
I t  has been e s ta b l is h e d  t h a t  t e s t in g  b r iq u e t t e s  u n d e re s tim a te s  
t e n s i le  s t r e n g th  due t o  th e  s ig n i f i c a n t  s tre s s  c o n c e n tra t io n s  
in d u ced  and t h e r e fo r e  i t  is  n o t w id e ly  u s e d . L o ad in g  th ro u g h  
a n n u la r  caps (6 5 )  i s  re p o r te d  to  be s a t is f a c t o r y  f o r  t e s t i n g  
c o n c re te  and i t  seems p ro m is in g  f o r  cem ent s a t a b i l is e d  
m a te r ia ls  p ro v id e d  t h a t  th e  p rob lem  o f  d e n s ity  g ra d ie n ts  
in d u ced  d u r in g  specim en c o m p a c tio n ‘ is  s a t i s f a c t o r i l y  s o lv e d .
Load a p p lie d  th ro u g h  g lu ed  e n d -p ie c e s
The method is  u n d o u b tly  g a in in g  ground in  re s e a rc h  
la b o r a t o r ie s  f o r  t e s t in g  c o n v e n tio n a l c o n c re te  and i t  c o u ld  
w e l l  be c o n s id e re d  f o r  t e s t i n g  cement s t a b i l is e d  m a t e r ia ls .
The f o l lo w in g  re m a rk s , how ever, a p p ly  t o  th e  method as f a r  
as th e  p re s e n t re s e a rc h  is  con cern ed .
1 . The specim ens sh o u ld  have e n la rg e d  ends.
2 . The method is  t im e  consuming and r e q u ir e s  extrem e c a re  
in  p re p a r in g  th e  s u r fa c e s  t o  be g lu e d .
3 . Some e x t r a  d i f f i c u l t i e s  and u n c e r t a in t ie s  c o u ld  be
• e n c o u n te red  when, as is  o f te n  th e  c a s e , w et o r  damp 
specim ens a re  to  be p re p a re d  f o r  t e s t .
4.3.5 General comments on methods of testing in uni-axial tension
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4 . The c o s t o f  th e  a d h e s iv e  must be c o n s id e re d .
The success r e p o r te d  o f  t e s t in g  cem ent s t a b i l is e d  c o l l i e r y  
s h a le  specim ens w ith o u t  e n la rg e d  ends is  c o n s id e re d  t o  be 
an e x c e p tio n  a p p ly in g  o n ly  to  th e  p a r t i c u l a r  m a te r ia ls  and  
method o f  co m p a ctio n .
The method o f  g lu e in g  s id e  p la te s  to  specim ens has y e t  to  
be e s t a b l is h e d , f u r t h e r  re s e a rc h  b e in g  needed to  in v e s t ig a t e  
th e  e x te n t  to  w hich  t h i s  method u n d e re s tim a te s  th e  t r u e  
t e n s i le  s t r e n g th .
Load a p p lie d  by l a t e r a l  c la m p in g .
The methods d e v e lo p e d  by Ward (8 2 )  and by Johnston  and  
S id w e ll  (4 3 )  a re  s a t is f a c t o r y  f o r  t e s t i n g  c o n c re te  w ith  th e  
ad van tag e  t h a t  th e  specim ens can be te s te d  w ith o u t  any  
p r e p a r a t io n  and a t  any m o is tu re  c o n d it io n .
T h is  is  c o n s id e re d  to  be a m a jo r a d van tag e  when t e s t in g  
a m a t e r ia l ,  such as c o n c re te , whose p r o p e r t ie s  a re  m o is tu re  
d e p e n d e n t.
An a tte m p t was made in  th e  p re s e n t re s e a rc h  t o  use  
specim ens w ith o u t  e n la rg e d  ends to  a v o id  th e  need f o r  
m o d ify in g  s ta n d a rd  beam moulds and a ls o  because o f  th e  
u n c e r t a in t ie s  re g a rd in g  com paction  o f  v e ry  low  w o r k a b i l i t y  
m a te r ia ls  a t  th e  cu rved  s e c t io n .
The use o f  s ta n d a rd  beam specim ens f o r  u n i - a x i a l  te n s io n  
a ls o  p ro v id e d  th e  o p p o r tu n ity  f o r
a ) d e te rm in in g  th e  e le c tro -d y n a m ic  modulus o f  e l a s t i c i t y  
p r i o r  to  te n s io n  t e s t i n g .
b ) t e s t i n g  th e  same ty p e  o f  specim en in - te n s io n  and in  
f l e x u r e .
I t  was t h e r e fo r e  d e c id e d  to  c o n c e n tra te  e f f o r t  i n i t i a l l y  on 
ju d g in g  th e  s u i t a b i l i t y  o f  th e  d o u b le  s c is s o r  g r ip  method  
re p o r te d  by Johnston  and S id w e ll  f o r  use on cement s t a b i l i s e d  
m a t e r ia ls .
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The lo a d in g  arran g em en t is  shown in  P la te  5 !  an d , in  p r i n c ip le ,  is  
s im i la r  to  t h a t  d eve lo p ed  by Johnston and S id w e ll  ( 4 3 ) .  The t e s t  is  
c a r r ie d  o u t on s ta n d a rd  beam specim ens, in  t h is  in s ta n c e  
1 01 .6X 10 1 .6X 50 8  mm (4X4X20 i n ) ,  th e  end t h i r d s  o f  w hich  a re  lo c a te d  
a g a in s t  two p a ir s  o f  s t i f f  s id e  p la t e s .  Under t e n s io n ,  l a t e r a l  com press ive  
fo rc e s  a re  a p p lie d  to  th e  p la te s  th ro u g h  a system  o f  c ro ss  members and 
th e  f r i c t i o n  g e n e ra te d  a g a in s t  th e  s e r r a te d  s u r fa c e s  o f  th e  p la t e s ,  a llo w s  
th e  specim en to  be s a t i s f a c t o r i l y  g r ip p e d . The te n s io n  lo a d  is  a p p lie d  
th ro u g h  a b a l l  and s o c k e t j o i n t  in  o rd e r to  m in im ise  b en d in g  e f f e c t s  due 
to  p o s s ib le  m is a lig n em e n t o f  th e  jaw s o f  th e  t e s t in g  m achine.
The specim en is  lo c a te d  w ith  tw o m oulded fa c e s  in  c o n ta c t  w ith  th e  
s e r r a te d  p la t e s ,  a non lo ad  b e a r in g  p in  a t  th e  in t e r s e c t io n  o f  th e  c ro ss  
members e n s u rin g  th a t  th e  p la te s  a re  p o s it io n e d  e x a c t ly  o p p o s ite  each  
o th e r .  P ro v id e d  t h a t  th e  g r ip s  a re  c a r e f u l l y  c o n s tr u c te d , th e  a x is  o f  
symmetry o f  th e  specim en c o in c id e s  w ith  th e  l i n e  ABB 'A 'and thus  m in im ises  
th e  r i s k  o f  b en d in g  a b o u t th e  l i n e  AA ' in  F ig u re  5 . 1 . a .  To a v o id  
e c c e n t r ic i t y  in  th e  o th e r  p la n e , as shown in  F ig u re  5 ! . b ,  th e  a x is  o f  
symmetry o f  th e  two s e r r a te d  p la te s  must l i e  on th e  l in e  w hich passes  
th rou g h  p o in ts  A and A ' ,  and t h i s  is  a ls o  ensured  by c a r e f u l  c o n s tr u c t io n  
o f  th e  g r ip s .  Care must be ta k e n  to  lo c a te  specim ens in  th e  g r ip s  in  
such a way th a t  th e  a x is  o f  symmetry o f  th e  specim en as shown in  
F ig u re  5 ! . b .  passes th ro u g h  p o in ts  A and A 'and  t h is  is  f a c i l i t a t e d  by 
lo c a t in g  th e  bottom  a s -c a s t  fa c e  o f  th e  specim en in  c o n ta c t  w ith  tw o  
p a ir s  o f  s m a ll gu id e  p in s  m ounted on th e  p l a t e s . '
The s e t t in g -u p  p ro ced u re  in v o lv e s  r a is in g  th e  m ovable upper c ro s s -h e a d  
o f  th e  u n iv e r s a l  t e s t in g  m ach in e , w ith  th e  upper f r i c t i o n  g r ip  in  p o s i t io n ,  
th e  g r ip  b e in g  h e ld  open by a s p a ce r which is  ju s t  lo n g e r  th a n  1 0 1 .6  mm.
As th e  specim en is  in s e r te d  betw een th e  s id e  p la te s  o f  th e  g r ip s , th e  
s p a ce r is  pushed o u t and th e  s id e  p la te s  come in  c o n ta c t  w ith  th e  
specim en and g r ip  i t .  The c ro s s -h e a d  is  th en  lo w ered  u n t i l  th e  specim en  
e n te rs  th e  lo w e r g r ip  w h ich  is  h e ld  in  th e  open p o s it io n  by u s in g  a 
s im p le  s u p p o rt . The specim en is  s l i g h t l y  pushed back u n t i l  th e  bottom  
a s -c a s t  fa c e  comes in t o  c o n ta c t  w ith  th e  g u id e  p in s  and th e  lo w e r g r ip  
is  th e n  h e ld  in  p o s it io n  by a clam p a p p ly in g  a s m a ll p re s s u re  t o  th e
5. FRICTION GRIP
5 !  Description of the test
- 39 -
Plate  5.1 Friction grin sy s tem
(in th is  instance, th e  instrum ented  mortar specim en used in the  strain d is tr i­
bution  s tud y  is in posit ion  and the instrum ented  a lu m in iu m  specim en  is also  
show n)
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s id e  p la t e s .  The w hole s e t t in g - u p  p ro ce d u re  is  q u ite  s im p le  an d , w ith  
e x p e r ie n c e , ta k e s  no lo n g e r  th a n  s e t t in g -u p  a c y l in d e r  f o r  s p l i t t i n g .
5 .2  E v a lu a t io n  o f  th e  t e s t
Two approaches w ere fo l lo w e d  in  o rd e r  to  e v a lu a te  th e  m e r it  o f  th e  
f r i c t i o n  g r ip  te c h n iq u e .
The f i r s t  c o n s is te d  o f  a s t a t i s t i c a l  s tu d y  o f  th e  r e s u l t s  o f  tw o s e r ie s  
o f  te s ts  on two m ix e s , one o f  le a n  c o n c re te  and th e  o th e r  o f  sand-cem ent 
m o rta r , th e  l a t t e r  b e in g  in tro d u c e d  f o r  c o m p a ra tiv e  purposes and because  
i t  w ould a ls o  g iv e  some in d ic a t io n  o f  th e  a p p l i c a b i l i t y  o f  th e  t e s t  f o r  
cem ent s t a b i l is e d  sandy s o i l s .
The second approach in v o lv e d  a s tu d y  o f  th e  s t r a in  d i s t r i b u t io n  d ev e lo p e d  
on a m o rta r  specim en when lo a d e d  in  th e  f r i c t i o n  g r ip s .
5 . 2 !  S t a t i s t i c a l  s tu d y
E leven  b a tc h e s  o f  n o m in a lly  th e  same le a n  c o n c re te  m ix and te n  o f  
n o m in a lly  th e  same m o rta r  m ix w ere p ro d u ced , d e t a i l s  o f  th e  m ixes  
b e in g  g iv e n  in  T a b le  5 .1 .  Four beams and th r e e  cubes w ere made 
from  each b a tc h .
The m o rta r  specim ens w ere  com pacted f o r  two m in u tes  on a v ib r a t in g  
t a b le  in  two a p p ro x im a te ly  e q u a l la y e r s .  The d ry  le a n  c o n c re te  
specim ens w ere  com pacted to  r e f u s a l  in  two a p p ro x im a te ly  e q u a l  
la y e r s  by means o f  a hand h e ld  e l e c t r i c  v ib r a t in g  hammer w ith  
a s t e e l  fo o t  a p p lie d  u n d er p re s s u re  d i r e c t l y  on to  th e  m a te r ia l  
u s in g  a p ro ce d u re  d e s c r ib e d  e lse w h ere  ( 1 6 ) .  A l i g h t e r  v ib r a t in g  
hammer f i t t e d  w ith  a la r g e  fo o t  was s u b s e q u e n tly  used t o  p la n e  
o f f  th e  to p  s u r fa c e  f lu s h  w ith  th e  to p  o f  th e  m o u ld .
Im m edia te ly  fo l lo w in g  c o m p a c tio n , th e  specim ens w ere s to re d  un d er  
damp s a c k in g  and co v ered  w ith  p o ly e th e le n e  f o r  one day b e fo r e  b e in g  
dem oulded and c u red  in  w a te r .  A l l  specim ens were te s te d  a t  7 days  
in  a w a te r  s a tu r a te d  c o n d it io n .
*  Due to  an u n exp ected  m a lfu n c tio n  o f  th e  lo a d  in d ic a t in g  d e v ic e  
o f  th e  t e s t in g  m achine th e  f a i l u r e  lo a d  o f  one le a n  c o n c re te  
and two m o r ta r  specim ens was no t re c o rd e d . A n o th er m o rta r  
specim en was a c c id e n t a l ly  b roken  d u r in g  d em ou ld ing .
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In  F ig u re  5 .2 a  and F ig u re  5 . 3 . a th e  v a lu e s  o f  t e n s i le  s tre n g th  
o f  43 le a n  c o n c re te  specim ens and 37 m o rta r  specim ens r e s p e c t iv e ly  
a re  p lo t te d  a g a in s t  th e  c o rre s p o n d in g  f a i l u r e  lo c a t io n  a lo n g  th e  
specim en le n g th .  F ig u re  5 .2 .b  and F ig u re  5 . 3 . b show th e  f a i l u r e s  
as h is to g ra m s  o f  fre q u e n c y  v ersu s  lo c a t io n  and in  F ig u re  5 .2 . c  
and F ig u re  5 .3 .c  th e  a ve rag e  s tre n g th s  o f  th e  h is to g ra m  groups  
a re  p lo t te d  a g a in s t  specim en le n g th .
T ab le  5 .1  D e t a i ls  o f  th e  m ixes u se d .
LEAN
CONCRETE MORTAR
T o ta l  w a te r /c e m e n t r a t i o ' 1 .0 0 .4 0
A g g reg a te /ce m e n t r a t i o 1 6 .6 7 2 .0
Cement: % o f  d ry  a g g re g a te 6 50
W ater: % o f  d ry  a g g re g a te  
p lu s  cement
5 .7 1 3 .3
AGGREGATE GRADING 
B .S S ie v e
2 0 -1 0  mm 3 / 4  -  3 /8  in  
1 0 - 5 mm 3 /8  -  3 /1 6  in  
5mm-150 ym 3 /1 6 -N o  100
39%
20%
41% 100
i'c 1
The a b s o rp tio n  was t y p i c a l l y  1.7% and 1.4% f o r  th e  a g g re g a te  
used in  th e  le a n  c o n c re te  and m o rta r  r e s p e c t iv e ly .
The f r a c t u r e  d i s t r i b u t io n  o f  th e  le a n  c o n c re te  specim ens shows 
t h a t  74.4%  o f  th e  43 t e s ts  r e s u lte d  in  f a i l u r e  c le a r  o f  th e  
g r ip s  and th e s e  w ere s a t i s f a c t o r i l y  d is t r ib u t e d  a lo n g  th e  f r e e  
le n g th  o f  th e  specim en.
In  th e  case o f  m o rta r  specim ens, 72.9%o f  th e  37 specim ens f a i l e d  
c le a r  o f  th e  g r ip s  b u t a r a t h e r  la r g e  number o f  f a i l u r e s  
o cc u rre d  a lo n g  th e  u p p er t h i r d  o f  th e  f r e e  le n g th  o f  th e  sp ec im en . 
T h is  ty p e  o f  f a i l u r e  d is t r i b u t io n  was a ls o  re p o r te d  by Johnston  
and S id w e ll  (4 3 )  b u t no s a t is f a c t o r y  e x p la n a t io n  can be g iv e n .
A v is u a l  e x a m in a tio n  o f  F ig u re  5 . 2 . a and F ig u re  5 . 3 . a suggests  
t h a t  th e r e  is  no e v id e n c e  o f  a pronounced d i f f e r e n c e  in  s tre n g th
- 43
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when f a i l u r e  o c c u r r e d  w i t h in  t h e  g r i p s ,  a t  o r  n e a r  t h e  in n e r  end  
o f  th e  p l a t e s ,  o r  i n  t h e  f r e e  p a r t  o f  t h e  s p e c im e n . T h is  i s  
s u p p o r te d  b y  t h e  g ro u p  mean v a lu e s  p l o t t e d  in  F ig u r e  5 . 2 . c  and  
in  F ig u r e  5 . 3 . c .  The v a l u e s  h a v e  a l s o  b een  ex a m in ed  s t a t i s t i c a l l y  
by co m p a r in g  th e  s t r e n g t h  o f  v a r io u s  g ro u p s o f  f r a c t u r e  l o c a t i o n s  
b y  m eans o f  S t u d e n t ' s  t e s t  ( t  t e s t )  a t  tw o l e v e l s  o f  s i g n i f i c a n c e  
a s  show n in  T a b le  5 . 2 .  The ’t f t e s t  show ed a s i g n i f i c a n t  d i f f e r e n c e  
in  tw o  c a s e s  f o r  l e a n  c o n c r e t e ,  a t  th e  0 . 0 5  l e v e l  o f  s i g n i f i c a n c e ,  
and i n  on e f o r  m o r ta r  a t  th e  0 . 0 1  l e v e l  o f  s i g n i f i c a n c e .  In  a l l  
t h r e e  c a s e s ,  h o w e v e r , t h e  f a i l u r e s  o c c u r in g  w i t h in  t h e  g r ip s  had  
•a mean v a lu e  g r e a t e r  t h a t  t h o s e  c l e a r  o f  t h e  g r i p s .
I f  t h e r e  had b e e n  a s i g n i f i c a n t  l o c a l  s t r e s s  c o n c e n t r a t io n  o r  
a  c r i t i c a l  b i - a x i a l  e f f e c t  t h e  r e c o r d e d  s t r e n g t h s  a t  o r  n e a r  t h e  
in n e r  e x t r e m it y  o f  t h e  p l a t e s  w ou ld  be e x p e c t e d  t o  b e  lo w e r  th a n  
th e  s t r e n g t h s  r e c o r d e d  r e m o te  from  th e  g r ip s  b u t  t h e  e x p e r im e n t a l  
d a ta  c l e a r l y  s u g g e s t s  t h a t  m a r g in a l ly .h ig h e r  s t r e n g t h s  a r e  r e c o r d e d  
a t  t h e s e  l o c a t i o n s .  In  a d d i t i o n ,  e x a m in in g  t h e  r e s u l t s  p e r  b a tc h  
a s  In  T a b le  5 . 3 , i t  ca n  b e  s e e n  t h a t  t h e r e  i s  a g a in  no s u g g e s t i o n  
o f  lo w e r  s t r e n g t h s  b e in g  a s s o c i a t e d  w it h  f a i l u r e  w i t h in  o r  v e r y  
c l o s e  t o  t h e  g r i p s .
S u p p o r t in g  t h e  a b o v e  s t a t e m e n t s  i s  t h e  f a c t  t h a t  t h e  " l e a s t  s q u a r e  
s t r a i g h t  l i n e s "  p l o t t e d  in  F ig u r e  5 , 2 . a and F ig u r e  5 . 3 . a a r e  
p r a c t i c a l l y  h o r i z o n t a l  and e s p e c i a l l y  s o  f o r  t h e  le a n  c o n c r e t e  
r e s u l t s .
I t  c o u ld  p e r h a p s  b e  a r g u e d  t h a t  th e  v a r i a b i l i t y  o f  t h e  r e s u l t s  d o e s  
n o t  a l lo w  r e a l  d i f f e r e n c e s  in  s t r e n g t h s  a t  d i f f e r e n t  f a i l u r e  
l o c a t i o n s  t o  b e  d e t e c t e d .  Some s u g g e s t io n  o f  h ig h e r  s t r e n g t h s  in  t h e  
v i c i n i t y  o f  t h e  c e n t r a l  s e c t i o n  o f  th e  s p e c im e n  s h o u ld  n e v e r t h e l e s s  
b e e v id e n t  b u t  an e x a m in a t io n  o f  th e  v a lu e s  o f  c o e f f i c i e n t  o f  
v a r i a t i o n  g iv e n  i n  T a b le  5 ,3  and T a b le  5 .4  sh ow s t h a t  in  f a c t  
a  r e l a t i v e l y  s a t i s f a c t o r y  u n i f o r m it y  was a c h ie v e d ,  t h e  v a l u e s  
co m p a r in g  v e r y  fa v o u r a b ly  w ith  p u b l i s h e d  d a t a  on  d i r e c t  t e n s i o n  
t e s t s  ( . 3 1 , 3 7 , 7 1 , 8 2  ) and i n d i r e c t  t e n s i o n  t e s t s  ( 3 3 ,  7 1 ,  83 )
T a b le  5 ,4  in c l u d e s  r e s u l t s  o f  t h e  cu b e  and e q u iv a le n t  cu b e  t e s t s  
f o r  c o m p a r iso n  and t h e s e  a r e  a l s o  c o n s id e r e d  t o  b e  s a t i s f a c t o r y  
s i n c e  c o n c r e t e  in  g e n e r a l ,  and le a n  c o n c r e t e  and s o i l - c e m e n t  in
-  46 -
T a b l e  5 . 2  C o m p a r i s o n  o f  s t r e n g t h s  a t  v a r i o u s  f a i l u r e  l o c a t i o n s
:
-I  L-
upper end
d i s t a n c e  f r o m  
t h e  s p e c i m e n  
u p p e r  e n d  
mm
L E A N  C O N C R E T E
4-1 OT 
O  <U 
U 
U 2 <1) (-> XI o
e ra 2 U 2; ra
G r o u p
H e a n
*  2 
M N / m
T h e  d i f f e r e n c e  
b e t w e e n  
t h e  m e a n s  i s
M O R T A R
4-1 M O <U
u
U 2<u X
X  o  e ra 
2 fc a  ra
G r o u p
M e a n
*  2 
M N  / m
T h e  , d i f f e r e n c e  
b e t w e e n  
t h e  m e a n s  i s
-J "220 288
  1 I
M
L  < 2 2 0
2 2 0 <  L  <  2 8 8
1 5
10
1 . 2 2 3
1 . 1 8 5
1 8
N o t  s i g n i f i c a n t  
p  =  . 0 . 0 5
2 . 7 2 5
2 . 6 7 9
N o t  s i g n i f i c a n t  
p  =  0 . 0 5
I TS3
-)  220 288
2 2 0  < L  < 2 8 8
L  >  2 8 8
10
1 8
1 . 1 8 5
1 . 2 3 4
N o t  s i g n i f i c a n t  
p  =  0 . 0 5
10
2 . 6 7 9
2 . 8 8 3
N o t  s i g n i f i c a n t  
p  =  0 . 0 5
4 -220 288
I I
M
2 2 0  < L  < 2 8 8 '
L >  2 8 3  
L  <  2 2 0
10
3 3
1 . 1 8 5
1 . 2 2 9
N o t  s i g n i f i c a n t  
p  =  0 . 0 5
2 8
2 . 6 7 9
2 . 7 9 5
N o t  s i g n i f i c a n t  
p  =  0 . 0 5
A--------------- 1 9 0 — 318
,____ I .1
I k W
L  < 1 9 0
1 9 0  < L  < 3 1 8
12
1 4
1 . 2 4 4
1 . 1 7 6
N o t  s i g n i f i c a n t  
p  =  0 . 0 5
10
1 9
2 . 7 3 2
2  . 6 9 4 ’
N o t  s i g n i f i c a n t  
p  =  0 . 0 5
-190—318
' I
E S
1 9 0  <  L  < 3 1 8
L >  3 1 8
1 4
1 7
1 . 1 7 6
1 . 2 3 6
1 9
S i g n i f i c a n t  p = 0 . 0 5  
N o t  s i g n i f i c a n t
p  =  0 . 0 2
2  . 6 9 4
2 . 9 3 7
S i g n i f i c a n t  p = 0 . 0 1
E l
4--------190— 318
I  \
m r m .
1 9 0  <  L  < 3 1 8
L <  1 9 0  
L  >  3 1 8
1 4
29
1 . 1 7 6
1 . 2 3 9
S i g n i f i c a n t  p = 0 . 0 5  
N o t  s i g n i f i c a n t
p  =  0 . 0 2
1 9
1 8
2 . 6 9 4
2 . 8 2 3
N o t  s i g n i f i c a n t
0-0 5
M i n s
-170 ---- -.338
! I
E S
L  < 1 7 0  
L  > 3 3 8
170 <L < 338
11
32
1.229
1.215
N o t  s i g n i f i c a n t  
p  =  0 . 0 5
10
2.7
2.760
2.735
N o t  s i g n i f i c a n t  
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p a r t i c u l a r ,  a re  n o t u n ifo rm  o r  homogeneous m a t e r ia ls .  The 
e x p e r im e n ta l e v id e n c e  p re s e n te d  is  thu s  ju d g ed  s u f f i c i e n t  to  show 
t h a t  th e  t e s t  is  s a t is f a c t o r y  f o r  d e te rm in in g  th e  u n i - a x i a l  t e n s i le  
s tre n g th  o f  le a n  c o n c re te .
5 .2 .2  S t r a in  d i s t r i b u t i o n
S t r a in  m easurem ents w ere u n d e rta k e n  u s in g  30 mm and 60 mm lo n g  
e l e c t r i c a l  r e s is ta n c e  s t r a in  gauges g lu ed  a lo n g  th e  le n g th  o f  
a h ig h  s t r e n g th  m o rta r specim en . The s t r a in s  w ere  m easured a t  fo u r  
lo a d in g  in c re m e n ts  ( 0 . 5 ,  1 . 0 ,  1 .5  and 2 t )  and w ere  re c o rd e d  
a u to m a t ic a l ly  by means o f  a d a ta  lo g g e r . The p o s it io n  o f  th e  gauges  
as w e l l  as t y p i c a l  r e s u l t s  o f  th e  m easured s t r a in s  f o r  th e  h ig h e s t  
a p p lie d  lo a d  a re  shown in  F ig u re  5 .4 .  A t t h i s  lo a d ,  th e  s t r a in s  
w ere s e p a r a te ly  m easured w ith  th e  specim en in  each o f  fo u r  lo c a t io n s  
r e l a t i v e  to  th e  s id e  p la te s  o f  th e  g r ip s ,  as shown in  F ig u re  5 .4 ,  
lo c a t io n  A b e in g  used in  th e  s t r e n g th  t e s t s .  T h u s , by m oving th e  
specim en a lo n g  th e  p la te s  o f  th e  g r ip s  and m e as u rin g  th e  s t r a in s  
a t  each new p o s i t io n ,  i t  was p o s s ib le  t o  in c re a s e  th e  number o f  
.p o in ts  f o r  w hich th e  s t r a in s  w ere  m easured.
The m easured s t r a in s  f o r  each p o s it io n  o f  th e  specim en a r e  p lo t te d  
in  F ig u re  5 .4  in  r e l a t i o n  t o  lo c a t io n  A o f  th e  p la te s  and a smooth  
l i n e  drawn th ro u g h  th e  p o in ts .  A lth o u g h  some a p p a re n t ly  s t r a y  p o in ts  
a re  e v id e n t ,  th e  d i f fe r e n c e s  a re  o f  th e  o rd e r  o f  o n ly  5 -7  ys w h ic h , 
a llo w in g  f o r  e x p e r im e n ta l e r r o r ,  a re  n o t c o n s id e re d  to  be s i g n i f i c a n t .
The s t r a in  d is t r ib u t io n s  a re  v e ry  s im i la r  to  th e s e  re p o r te d  by 
Johnston  and S id w e ll  ( 4 3 ) ,  m in o r d i f fe r e n c e s  b e in g  a t t r ib u t e d  to  
d if fe r e n c e s  in  th e  geom etry  o f  th e  g r ip s .
The maximum com press ive  ( l a t e r a l )  s t r a in  was d e te c te d  un d er th e  
f i r s t  r o l l e r  and is  tw ic e  th e  maximum t e n s i le  s t r a in  d eve lo p ed  in  
th e  c e n t r a l  p a r t  o f  th e  specim en5th e  t e n s i le  s t r a in  b e in g  r e l a t i v e l y  
c o n s ta n t th ro u g h o u t th e  f r e e  le n g th  betw een th e  s id e  p la t e s .  In  th e  
p a r t  o f  th e  specim en w i t h in  th e  s id e  p la t e s ,  th e  lo n g i t u d in a l  
s t r a in  d ecre as es  v e ry  s lo w ly  from  th e  maximum v a lu e ,  th e re b y  
m a in ta in in g  p r a c t i c a l l y  th e  maximum s t r a in  f o r  a c o n s id e ra b le  p a r t  
o f  th e  specim en w it h in  th e  g r ip s  and s u g g e s tin g  t h a t  f a i l u r e  ju s t  
w it h in  th e  g r ip s  r e f l e c t s  th e  lo c a t io n  o f  th e  c r i t i c a l  weak l i n k  
in  th e  specim en .
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DI ST ANCE  FROM S P E C I M E N  E ND,  mm
F ig u r e  5.4 R e s u l t s  o f s t r a i n  m e a s u r m e n t s  o n  a  m o r t a r  
s p e c i m e n  ( L o a d  2 *  )
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The l a t e r a l  s t r a in s  d e v e lo p e d  in  th e  f r e e  p a r t  o f  th e  specim en  
in c re a s e  w i t h in  th e  g r ip s ,  b u t  o n ly  v e ry  s lo w ly  i n i t i a l l y ,  so 
t h a t  th e  com press ive  s tre s s e s  o ver a c o n s id e ra b le  p a r t  o f  th e  
specim en w it h in  th e  s id e  p la te s  re m a in  r e l a t i v e l y  lo w . The b i - a x i a l  
s tre s s  system  d eve lo p ed  w it h in  t h i s  p a r t  o f  th e  specim en may 
th e r e fo r e  n o t have much in f lu e n c e  on th e  re c o rd e d  s tr e n g th .
The d a ta  o b ta in e d  from  th e  s t r a in  m easurem ents p ro v id e  an e x p la ­
n a t io n  f o r  th e  e x p e r im e n ta l e v id e n c e  t h a t  s tre n g th  v a lu e s  o f  
f a i l u r e s  w i t h in  th e  g r ip s  w ere  n o t s t a t i s t i c a l l y  s ig n i f i c a n t l y  
d i f f e r e n t  fro m  th o s e  c le a r  o f  th e  g r ip s .
I t  must be n o te d , h o w ev e r, t h a t  th e  lo n g i t u d in a l  s t r a in s  w ere  
measured n e a r  th e  lo n g i t u d in a l  a x is  o f  symmetry o f  th e  specim en and 
i t  is  b e l ie v e d  t h a t  h ig h e r  s t r a in s  e x is t  n e a r  th e  fa c e s  o f  th e  
specim en w hich  a re  in  c o n ta c t  w ith  th e  s id e  p la te s  o f  th e  g r ip s ,  due 
to  th e  g ra d u a l tra n s m is s io n  o f  lo a d  fro m  th e  p la te s  to  th e  specim en  
by f r i c t i o n .  These lo c a l  s t r a in s  a re  d i f f i c u l t  to  d e te c t  w ith  th e  
s t r a in  m e as u rin g  system  u se d , because th e  maximum lo n g i t u d in a l  
s t r a in s  re c o rd e d  a re  o f  th e  o rd e r  o f  o n ly  50 ys so t h a t  lo c a l  
d if fe r e n c e s  o f  5 to  10 ys m ig h t n o t be d e te c te d . Work is  t h e r e fo r e  
in  p ro g re s s  u s in g  3 mm gauges t o  o b ta in  f u r t h e r  in fo r m a t io n .
N e v e r th e le s s , t h i s  a s p e c t is  b e l ie v e d  t o  have been s a t i s f a c t o r i l y  
covered  f o r  p r a c t ic a l  use by th e  s t a t i s t i c a l  s tu d y . I t  may be t h a t
f #
th e  s tre s s  c o n c e n tra t io n s  o c c u rm g  around la r g e  a g g re g a te  p a r t i c le s  
a re  a t  le a s t  o f  th e  same o rd e r  o f  m agnitude as th o s e  d eve lo p ed  in  
th e  g r ip p in g  s y s te m ,o th e rw is e  th e  e f f e c t  o f  th e  g r ip s  w ould have  
been e v id e n t  in  th e  s t a t i s t i c a l  s tu d y .
The s t r a in s  gauges a ls o  p ro v id e d  a means f o r  c h e ck in g  th e  system  
f o r  e c c e n t r ic i t y  o f  lo a d in g  and to  compare th e  up p er and lo w e r  
g r ip s .  T h is  was done by m easu rin g  th e  s t r a i n  a f t e r  th e  specim ens  
had been in v e r te d  a n d /o r  r o t a t e d .  Numerous t e s t s  w ere p erfo rm ed  
b u t no d i f f e r e n c e  in  b e h a v io u r o f  th e  u p p er and lo w e r g r ip s , o r  
any e c c e n t r ic i t y  o f  lo a d in g ,  was d e te c te d . The maximum s t r a in  
d i f f e r e n c e  o f  th e  same gauge on e c c e n t r ic i t y  checks was 2 ys and 
t h i s  was ju d g ed  s a t is f a c t o r y .
The s t r a in  d is t r i b u t io n  was a ls o  in v e s t ig a te d  w ith  in t e r l a y e r s  o f  
sand p a p e r , a s b e s to s , o r  plywood betw een th e  s id e  p la te s  and th e  
specim en b u t no marked d i f f e r e n c e  in  s t r a in  d is t r i b u t io n  was ,
52 -
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n o tic e d  as shown in  F ig u re  5 .5 .  F u rth e rm o re , s t r a in s  w ere measured  
on an a lu m in iu m  specim en w ith  an in t e r l a y e r  o f  sand p ap er betw een  
th e  s id e  p la te s  and th e  a lu m in iu m  p ris m . As shown in  F ig u re  5 .6  
d i f f e r e n t  lo n g i t u d in a l  s t r a in  p a t te r n s  were d e te c te d ,  p resum ably  
due to  d if fe r e n c e s  in  th e  f r i c t i o n  g e n e ra te d  a t  th e  in t e r f a c e  
betw een th e  specim en and th e  g r ip s .
5 .2 .3  C o n c lu s io n s
In  th e  l i g h t  o f  p re s e n t  day te c h n iq u e s  f o r  u n i - a x i a l  te n s io n  t e s t s ,  
th e  f r i c t i o n  g r ip  p ro v id e s  a s a t is f a c t o r y  m easure o f  th e  u n i - a x i a l  
t e n s i le  s t r e n g th  o f  le a n  c o n c re te  and m o r ta r . I t  was th o u g h t  
t h e r e fo r e  t h a t  th e  f r i c t i o n  g r ip  c o u ld  be u se d fb y  a l l  th e  m a te r ia ls  
t o  be in v e s t ig a te d  b u t because th e  system  has been s t r i c t l y  proved  
o n ly  f o r  le a n  c o n c re te  I t  was d ec id e d  to  re c o rd  th e  f a i l u r e  lo c a t io n  
o f  a l l  th e  specim ens in  o rd e r  t h a t  th e  m e r it  o f  th e  system  c o u ld  
s u b s e q u e n tly  be judged f o r  th e  w id e  ran ge  o f  th e  cem ent s t a b i l is e d  
m a te r ia ls  to  be t e s te d .
5 ,3  P r e l im in a r y  t e s t s  t o  e v a lu a te  th e  s t r e s s /s t r a in  r e la t io n s h ip s  in  te n s io n  
and com press io n .
Uf>
B e fo re  d raw in g  th e  f i n a l  programme o f  th e  m ain re s e a rc h  i t  was d ec id e d  to  
c a r r y  o u t some p r e l im in a r y  t e s ts  on d ry  le a n  c o n c re te .
E l e c t r i c a l  r e s is ta n c e  s t r a in  gauges w ere used a t  t h i s  s ta g e  s in c e  th e  
LVDT system  p lan n ed  to  be used f o r  th e  m ain programme o f  t e s t s  had n o t  
y e t  been s a t is f a c t o r y l y  d e v e lo p e d .
5 .3 . 1  Specimen p r e p a r a t io n ,  t e s t i n g  and p r e s e n ta t io n  o f  r e s u l t s
T h ree  b a tc h e s  o f  d ry  le a n  c o n c re te  o f  th e  same m a te r ia ls  and m ix  
p ro p o r tio n s  as th e  m ix  f o r  th e  s t a t i s t i c a l  s tre n g th  s tu d y  w ere  
p re p a re d . From each b a tc h  th r e e  cu b es , th r e e  p rism s and th r e e  beams 
o f  d im ensions  shown in  T a b le  5 ,5  were made as d e s c r ib e d  in  S e c tio n
5 , 2 . 1  and cu red  un d er w a te r .  On th e  2 6 th  day a f t e r  specim en m aking  
two beam s, tw o prism s and two cubes from  each b a tc h  w ere ta k e n  o u t  
o f  th e  w a te r  ta n k  and a llo w e d  to  a i r  d r y .  When th e  s u r fa c e  was 
s u f f i c i e n t l y  d r y ,  fo u r  100 mm lo n g  ERS gauges were g lu ed  to  one 
beam and one p ris m  o f  each b a tc h . On th e  2 9 th  day a l l  specim en s ,
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in c lu d in g  th o s e  cured  in  w a te r  f o r  th e  f u l l  p e r io d ,  w ere t e s t e d .  
S im u ltan eo u s  w ith  th e  r e a d in g  o f  th e  ERS gau g es, lo a d  was m easured  
by 50 kN ( 5 t )  and 500 kN ( 5 0 t )  com pressive  lo a d  c e l l s  f o r  th e
te n s io n  and com pression t e s t s  . r e s p e c t iv e ly  . In  th e  case o f  th e
te n s io n  t e s t ,  th e  u p p er f r i c t i o n  g r ip  was lo a d e d  v ia  a f l e x i b l e  
c a b le  w hich passed th ro u g h  an o p en ing  in  th e  c ro s s -h e a d  o f  th e  
t e s t in g  m achine and th ro u g h  an a n n u la r  o p en in g  in  th e  lo a d  c e l l  
a g a in s t  w hich  i t  was lo c a te d  v ia  a t h r u s t  ra c e  b e a r in g . The s t r a in  
gauges and th e  lo a d  c e l l  w ere connected  to  a d a ta  lo g g e r  and th e  
o u tp u ts  w ere  re c o rd e d  a t  a r a t e  o f  5 ch an n e ls  p e r  s e c .
•The lo a d  was a p p lie d  so as to  in c re a s e  s tr e s s  a t  a r a t e  o f
2 2 
a p p r o x im a t e ly - i ,5 MN/m /m in  (217 p s i /m in )  and 15 MN/m /m in  (2175
p s i /m in )  f o r  te n s io n  and com pression  r e s p e c t iv e ly ,  th e  s t r a in s  and
c o rre s p o n d in g  lo a d s  b e in g  re c o rd e d  c o n t in u a l ly  up to  f a i l u r e ,  and
no a tte m p t was made t o  c o n d it io n  th e  specim en by i n i t i a l  c y c le s  o f
lo a d in g .
The r e s u l t s  a re  shown in  F ig u re  5 .7  and F ig u re  5 .8  as c o n v e n t io n a l  
s t r e s s - s t r a i n  cu rves  a n d , in  Tables 5 ,5 ,  5 . 6 , in  term s o f  co m press ive  
s t r e n g th ,  t e n s i le  s t r e n g th ,  e le c tro -d y n a m ic  and s t a t i c  m o d u li o f  
e l a s t i c i t y .
P la te  5 .2  shows specim ens a f t e r  t e s t in g  in  u n i - a x i a l  te n s io n  and 
in  u n i - a x i a l  com press io n .
5 .3 .2  D is c u s s io n  o f  th e  r e s u l t s
The s t r e s s - s t r a i n  r e la t io n s h ip  in  u n i - a x ia l  t e n s io n , shown in  
F ig u re  5 .7 ,  is  e f f e c t i v e l y  l i n e a r  up to  a s u b s ta n t ia l  p r o p o r t io n  
o f  th e  u l t im a t e  lo a d  and th e  s t r a in  a t  f a i l u r e  is  o f  th e  o rd e r  o f
60 y s . S im i la r y ,  th e  s t r e s s - s t r a i n  r e la t io n s h ip  in  u n i - a x i a l
co m p ress io n , shown in  F ig u re  5 .8 ,  is  e f f e c t i v e l y  l i n e a r  up to  
a p p ro x im a te ly  40% o f  th e  u l t im a te  lo a d . The m o d u li o f  e l a s t i c i t y
in  u n i - a x i a l  te n s io n  and u n i - 'a x ia l  com pression  a re  p r a c t i c a l l y  e q u a l
and th e  v a lu e s  o f  e le c tr o -d y n a m ic  modulus o f  e l a s t i c i t y  a re  h ig h e r  
th a n  th e  s t a t i c  by 5 -6  GN/m2 ( 0 ,7 - 0 ,9 X 1 0 8 p s i ) . The r a t i o  o f  th e  
u n i - a x i a l  t e n s i le  s tre n g th  to  u n i - a x i a l  com press ive  s t r e n g th  is  
y ±  o ,5  f o r  p a r t l y  d ry  and ^ s a tu ra te d  specim ens. T h is  v a lu e  is  g e n e r a l ly  
in  agreem ent w ith  p u b lis h e d  d a ta  f o r  low  s tre n g th  c o n c re te s  (8 4 )
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S t r a i n  10 6
F ig u re  5 .7  S t r e ss ~ s  t r a i n r e l a t i o n s h i p  f o r  l e a n  
c o n c r e t e  in  u n i - a  x ia  I ' t e n s i o n
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when te s te d  a t  a d i r e c t io n  o f  lo a d in g  a t  r i g h t  an g le s  t o  th e  
d ir e c t io n  o f  c a s t in g  ( 8 5 ) ,  th e re b y  ad d in g  s u p p o rtin g  e v id e n c e  to  
th e  r e l i a b i l i t y  o f  th e  t e s t in g  te c h n iq u e .
I t  was beyond th e  aim  o f  th e s e  t e s ts  to  exam ine th o ro u g h ly  th e  
in f lu e n c e  on s tre n g th  o f  th e  specim en m o is tu re  c o n d it io n .  
N e v e r th e le s s , i t  can be seen in  T a b le  5 .5  t h a t  specim ens a llo w e d  
t o  d ry  f o r  a p p ro x im a te ly  th r e e  days in  th e  la b o r a to r y  atm osphere  
(a p p ro x  20°C  and 65% r e l a t i v e  h u m id ity )  showed w ith o u t e x c e p tio n  
an in c re a s e  in  s tre n g th  o f  20-30% as compared t o  th e  s a tu ra te d  
specim en. The s u b je c t  has been exam ined in  some d e t a i l  f o r  c o n c re te  
b u t th e r e  is  s t i l l  c o n f l in c t in g  in fo rm a t io n  and th e r e  a re  many 
p o in ts  n ee d in g  c l a r i f i c a t i o n .
As a specim en d r i e s , i t  is  g e n e r a l ly  b e l ie v e d  t h a t  th e  s tre n g th  
is  p o t e n t i a l l y  reduced  by th e  fo rm a tio n  o f  c ra c k s  caused by  
r e s t r a in e d  o r  d i f f e r e n t i a l  s h r in k a g e  b u t p o t e n t i a l l y  in c re a s e d  
by a phenomenon o fte n  a t t r ib u t e d  t o  th e  developem ent o f  van d er  
Waals ty p e  o f  fo rc e s  d ra w in g  th e  p a r t ic le s  to g e th e r  ( 8 6 - 8 8 ) . Many 
fa c to r s  in f lu e n c e  th e  r e l a t i v e  e f fe c t iv e n e s s  o f  th e  two above  
m entioned processes  such a s , th e  c o n d it io n s  and th e  e x te n t  o f  
d r y in g , th e  d im ensions o f  th e  specim en, th e  s u r fa c e  t e x tu r e  and 
th e  p e r m e a b il i ty  o f  th e  m ix , th e  m ix p r o p o r t io n s , th e  ty p e  and 
dim ensions o f  a g g re g a te s , th e  cement t y p e ,  th e  method o f  t e s t ,  th e  
d ir e c t io n  o f  lo a d in g  in  r e l a t io n  to  th e  d ir e c t io n  o f  c a s t in g .  I t  is  
b e lie v e d  t h a t  th e  o f te n  c o n f l ic t in g  in fo rm a t io n  a v a i la b le  as re g a rd s  
th e  e f f e c t  o f  d r y in g  on s tre n g th  c o u ld  be a t t r ib u t e d  to  th e  above  
m entioned v a r ie t y  o f  f a c to r s  and th e  r e s u l t in g  d i f f i c u l t y  o f  
c o r r e c t ly  com paring th e  v a r io u s  e x p e r im e n ta l r e s u l t s  s in c e  th e  
assesm ent o r  th e  e l im in a t io n  o f  th e  c o n t r ib u t io n  o f  some fa c to r s  
is  v e ry  d i f f i c u l t .
I t  is  g e n e r a l ly  found t h a t  d r y in g  in c re a s e s  th e  com pressive  s tre n g th  
o f  c o n c re te  (72 ) (8 8 -9 1  ) and t h i s  is  a ls o  t r u e  f o r  cement s t a b i l is e d  
m a te r ia ls  ( 9 , 1 0 ) ,  T h is  in c re a s e  c o u ld  be a t t r ib u t e d  to  th e  f a c t  th a t  
th e  com pressive  s tre n g th  is  n o t in f lu e n c e d  v e ry  much by th e  p resence  
o f  s h rin k a g e  c ra c k s , because th e  lo a d  can s t i l l  be t r a n s m it te d  
across  c rac ks  o r ie n te d  a t  r ig h t  a n g les  to  th e  d i r e c t io n  o f  lo a d in g  
w h ile  c rac ks  p a r a l l e l  to  th e  d ir e c t io n  o f  lo a d in g  i n d i r e c t l y  o n ly
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in f lu e n c e  s t r e n g th .  In  c o n tr a s t  th e  u n i - a x ia l  t e n s i le  s tr e n g th  is  very- 
s e n s i t iv e  to  s h r in k a g e  c ra c k s  i f  t h e i r  o r ie n t a t io n  is  a t  r i g h t  a n g le s  
to  th e  d i r e c t io n  o f  lo a d in g .
Johnston and S id w e ll  (9 2 )  g iv e  e x p e r im e n ta l and t h e o r e t ic a l  e v id e n c e  
to  show t h a t  th e  r a p id  d r y in g  o f  p la in  c o n c r e te , exposed to  norm al 
la b o r a to r y  o r  d ry  a tm o s p h e ric  c o n d it io n s ,c a u s e s  r e d u c t io n  o f  th e  
t e n s i le  s t r e n g th  whose maximum is  e q u a l to  33% o f  th e  s a tu r a te d  
s t r e n g th .  O th er re s e a rc h e s  a ls o  show a re d u c t io n  o f  th e  t e n s i le  
s tre n g th  un d er s im i la r  c o n d it io n s  ( 3 8 ,  9 3 ) .
In  g e n t ly  a i r  d r ie d  specim ens Ward (9 4 )  found a 10% in c re a s e  in  t e n s i le  
s tre n g th  fo llo w e d  by a d ec re as e  on f u r t h e r  d r y in g  w h i ls t  B o n ze l and 
K ad lecek  (7 2 )  and a ls o  R a ith b y  and G a llo w ay  (9 5 )  re p o r te d  an i n i t i a l  
re d u c t io n  in  s tre n g th  fo l lo w e d  by an in c re a s e  in  s tre n g th  w ith  f u r t h e r  
d r y in g .
P r e to r iu s  and M on ism ith  (9 6 )  r e c e n t ly  s tu d ie d  th e  e f f e c t  o f  c u r in g  in
d i f f e r e n t  h u m id ity  en v iro n m en ts  on th e  u n i - a x i a l  t e n s i le  s t r e n g th  o f  a
g ra n u la r  s o i l  s t a b i l is e d  w ith  5,55% cem ent. C o n tra ry  to  B o n ze l and 
K adlecek th e y  found t h a t  th e  specim ens w h ich  w ere k e p t in  9 0 , 65 and 
30 p e r c e n t r e l a t i v e  h u m id ity  en v iro n m en ts  showed i n i t i a l l y  h ig h e r  
s tre n g th s  th a n  th e  specim ens k e p t  in  100% h u m id ity  b u t a d ec re as e  in  
s tre n g th  was found a f t e r  4 weeks c u r in g  in  th e s e  h u m id it ie s .
I t  is  e v id e n t  t h e r e fo r e  t h a t  a s im p le  d e s c r ip t io n  o f  th e  m o is tu re
c o n d it io n  o f  th e  specim en a t  th e  tim e  o f  t e s t in g  and i t s  c u r in g
h is t o r y  a re  n o t enough f o r  p r e d ic t in g  th e  r e l a t i o n  o f  i t s  s tr e n g th  to  
th e  s a tu ra te d  s t r e n g th .  I t  is  n ecessary  to  know th e  r e l a t i v e  
e f fe c t iv e n e s s  o f  th e  above m entioned two f a c to r s  w hich c o n t r ib u te  to  
th e  s tre n g th  changes and f u r t h e r  re s e a rc h  is  needed in  o rd e r  to  f u l l y  
c l a r i f y  t h is  p ro b lem .
As re g a rd s  th e  r e s u l t s  re p o r te d  in  t h is  s e c t io n  o f  th e  t h e s is ,  i t  
w ould appear t h a t  th r e e  days o f  d ry in g  were s u f f i c i e n t  f o r  th e  
s tre n g th  in c r e a s in g  mechanisms to  dom in ate  p o s s ib ly  because th e  
r e l a t i v e l y  open te x tu r e d  s u r fa c e  o f  le a n  c o n c re te  a llo w e d  h y g ra l  
e q u i l ib r iu m  to  be e s ta b lis h e d  r a p id ly  and th e  h ig h  volum e f r a c t i o n  
o f  a g g re g a te  k e p t th e  s h rin k a g e  a t  v e ry  low  l e v e l s .
The e le c tro -d y n a m ic  modulus v a lu e s  were a p p a re n t ly  n o t in f lu e n c e d  by 
a i r  d ry in g  p resum ably  due cto  th e  o v e r - r id in g  e f f e c t  on th e  modulus o f  
th e  h ig h  volume f r a c t i o n  o f  a g g re g ate ; >»
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F iv e  m a te r ia ls  (d e s ig n a te d  A, B , C, D and E ) w ere in v e s t ig a te d  th e  d e s ig n a t io n s  
r e l a t i n g  t o  th e  ty p e  o f  m a te r ia l  and to  th e  g ra d in g  as shown in  F ig u re  6 .1 .
The s e le c t io n  o f  th e  m ix  w a te r  c o n te n t was based on th e  v ib r a t in g  hammer t e s t  o f
BS 1924 (9 7 )  excep t f o r  m a te r ia l  A w h ich  was chosen on th e  b a s is  o f  e x p e r ie n c e  
in  v ie w  o f  th e  d i f f i c u l t y  o f  c a r r y in g  o u t m e a n in g fu l com paction  s tu d ie s  on 
m a te r ia ls  o f  t h i s  ty p e . A cement c o n te n t o f  5.55% by w e ig h t o f  d ry  a g g re g a te  
o f  d ry  s o i l  was used in  th e  com paction  s tu d ie s  f o r  a l l  m a te r ia ls  o th e r  th a n  
m a t e r ia l  C f o r  w hich a cem ent c o n te n t  o f  10% was more a p p r o p r ia te  in  v ie w  o f  
th e  f in e  g ra in e d  n a tu re  o f  th e  s o i l  p ro c e s s e d .
D e t a i ls  o f  th e  m a te r ia ls  used a re  g iv e n  in  Appendix A and th e y  a re  d e s c r ib e d  
b e lo w .
M a t e r ia l  A: A t y p i c a l  le a n  c o n c re te  a g g re g a te  o b ta in e d  fro m  th e  Thames V a l le y
in  th e  s iz e  ran g es  20 t o  10 mm., 10 to  5 mm., and p a s s in g  5 mm.
The m ix w a te r  c o n te n t chosen was 6% by w e ig h t o f  d ry  a g g re g a te
p lu s  cem ent.
M a t e r ia l  B: A sandy g r a v e l  s o i l  c o n s id e re d  s u i ta b le  f o r  p ro d u c in g  a t y p ic a l
cement bound g r a n u la r  m a te r ia l  and o b ta in e d  from  a sam ple o f  th e  
m a te r ia l  used in  th e  W heatley  e x p e r im e n t. The optimum w a te r  
c o n te n t was found to  be 7.1% by w e ig h t o f  d ry  s o i l  p lu s  cem ent.
M a t e r ia l  C: A b r ic k e a r th  o b ta in e d  from  L it t le h a m p to n  and c o n s id e re d  s u i ta b le
f o r  p ro d u c in g  a t y p i c a l  f in e  g ra in e d  s o i l-c e m e n t . The optimum  
w a te r  c o n te n t  was found to  be 14.1%  by w e ig h t o f  d ry  s o i l  p lu s  
cem en t.
M a t e r ia l  D: A r e c o n s t i tu te d  g r a n u la r  m a te r ia l  produced by com bin ing  90% o f
th e  le a n  c o n c re te  a g g re g a te  w ith  10% o f  th e  b r ic k e a r th .  The 
optimum w a te r  c o n te n t was found to  be 6% by w e ig h t o f  d ry  m a te r ia l  
p lu s  cem ent.
M a t e r ia l  E: A r e c o n s t i tu te d  g r a n u la r  m a te r ia l  produced by com bin ing  th e  le a n
c o n c re te  a g g re g a te  w ith  th e  b r ic k e a r th  in  o rd e r  to  a p p ro x im a te  to  
th e  g ra d in g  o f  m a te r ia l  B. The optimum w a te r  c o n te n t was found  
to  be 7% by w e ig h t o f  d ry  s o i l  p lu s  cem ent.
6. MATERIALS USED
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The in v e s t ig a t io n  thu s  co vered  a t y p ic a l  le a n  c o n c re te  m a te r ia l  ( A ) ,  tw o t r u l y  
n a t u r a l  m a te r ia ls  (BSC) and tw o r e c o n s t i tu te d  m a te r ia ls  (D S E ), and p ro v id e d  
th e  o p p o r tu n ity  f o r  a p r e l im in a r y  s tu d y  o f  th e  e f f e c t  o f  m a te r ia l  ty p e  and 
g ra d in g  on th e  s tre n g th  and e l a s t i c  p r o p e r t ie s .  In  p a r t i c u l a r ,  i t  en a b le d  
d a ta  to  be o b ta in e d  on th e  f o l lo w in g  a s p e c ts .
1 . M a t e r ia l  D in c lu d e d  10% o f  b r ic k e a r th  ( m a t e r ia l  C) and th e re b y  s im u la te d  
an a s - r a is e d  m a te r ia l  in  th e  l i k e l y  c o n d it io n  o f  a c o n c re t in g  a g g re g a te  p r io r  
to  w ash ing  so as to  p ro v id e  in fo r m a t io n  on th e  e f f e c t  o f  th e  f in e  m a te r ia l
on th e  m easured p r o p e r t ie s .
2 , M a t e r ia l  -E had th e  same c o n te n t  o f  b r ic k e a r th  as d id  m a te r ia l  D b u t d i f f e r e d  
fro m  m a t e r ia l  D in  th e  c o n te n t o f  g r a v e l and san d . I t  co u ld  t h e r e fo r e  p ro v id e  
some in d ic a t io n  o f  th e  e f f e c t  o f  g ra d in g  changes in  com parison  w ith  m a t e r ia l  D. 
In  a d d i t io n ,  m a te r ia l  E had e f f e c t i v e l y  th e  same g ra d in g  as m a te r ia l  B and
a com parison  o f  th e  p r o p e r t ie s  o f  m a te r ia ls  B and E c o u ld  t h e r e fo r e  g iv e  
in fo rm a t io n  on th e  e f f e c t  o f  m a t e r ia l  ty p e .
3 [ M a t e r ia l  C c o u ld  be c o n s id e re d  as th e  extrem e case o f  m a te r ia ls  E and D 
in  w hich  th e  g ra v e l and c o arse  sand had been removed th u s  a l lo w in g  th e  concept 
o f  m u lt i-p h a s e  r e la t io n s h ip s  to  be d e v e lo p e d .
A lth o u g h  i t  was r e a l i z e d  t h a t  th e  p ro g re s s iv e  s te p s  in  chan g in g  th e  g ra d in g  
fro m  th a t  o f  m a te r ia l  A t o  t h a t  o f  m a te r ia l  C w ere n o t enough to  f u l l y  
in v e s t ig a t e  th e  reaso n s  f o r  th e  d i f fe r e n c e s  in  th e  m easured p r o p e r t ie s ,  i t  was 
b e l ie v e d  t h a t  u s e fu l  in fo r m a t io n  c o u ld  n e v e r th e le s s  be o b ta in e d  w hich c o u ld  be 
used as a g u id e l in e  f o r  f u t u r e  r e s e a rc h .
A b le n d e d  s u p p ly  o f  a. t y p ic a l  o rd in a r y  p o r t la n d  cement was used th ro u g h o u t th e  
in v e s t ig a t io n .  In  th e  main s e r ie s  o f  t e s ts  th e  cement c o n te n t was k e p t c o n s ta n t  
a t  5 .5 5  p e r  c e n t by w e ig h t o f  d ry  s o i l  f o r  a l l  th e  m a te r ia ls  b u t th e  s u b s id ia r y  
s tu d ie s  in c lu d e d  t e s ts  on m a te r ia ls  w ith  7 .5  and 10 p e r  c e n t cem ent.
The cem ent c o n te n ts  w ere chosen in  o rd e r  to  s im u la te  cement s t a b i l is e d  m a te r ia l  
used in  p r a c t ic e  i e  5.55%  in  m a t e r ia l  A produced a t y p ic a l  le a n  c o n c re te , 7.5%  
in  m a te r ia ls  B&E produced t y p i c a l  cement bound g ra n u la r  m a te r ia ls  and 10% 
in  m a t e r ia l  C was a r e a l i s t i c  c o n te n t f o r  f5.ne g ra in e d  s o i l-c e m e n t .
*  T h is  cem ent c o n te n t was chosen in  o rd e r  to  a l lo w  d i r e c t  com parison w ith  work 
in  p ro g res s  a t  th e  T ra n s p o rt and R oad .R esearch  L a b o ra to ry  and i t  is  s l i g h t l y  
lo w e r th a n  th e  v a lu e  used in  S e c t io n  5 f o r  th e  f r i c t i o n  g r ip  e v a lu a t io n .
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7 .1  T en s io n  t e s t i n g
As in  th e  case o f  th e  p r e l im in a r y  t e s t s ,  d e s c r ib e d  in  C h ap te r 5 . 3 , a 50kN 
com pression lo a d  c e l l ,  lo c a te d  on to p  o f  th e  m oving cro ss  head o f  th e  
t e s t in g  m ach in e , re c o rd e d  th e  lo a d .  The upper f r i c t i o n  g r ip  was suspended  
fro m  th e  cross  head o f  th e  m achine w ith  a f l e x i b l e  c a b le  w hich  passed  
th ro u g h  an o p en in g  in  th e  c ro ss  head and th ro u g h  th e  lo a d  c e l l  a g a in s t  
w hich i t  was lo c a te d  v ia  a t h r u s t  ra c e  b e a r in g . The t e s ts  w ere  u n d e rta k e n  
in  a lOOOkN u n iv e r s a l  t e s t in g  m achine as i l l u s t r a t e d  in  P la te  7 .1 .  In  th e  
l i g h t  o f  th e  e x p e r ie n c e  g a in e d  fro m  th e  t e s ts  to  e v a lu a te  th e  f r i c t i o n  
g r ip s  (C h a p te r  5 ,2  and 5 . 3 ) , th e  g u id e  p in s  w ere re p la c e d  by t h i n  m e ta l  
s t r i p s  a lo n g  th e  f u l l  le n g th  o f  th e  p la t e s .
7 .2  Com pression t e s t in g
P r e l im in a r y  lo a d in g  t e s ts  In  a number o f  com pression t e s t in g  m achines  
in  th e - C o n s tru c t io n  M a t e r ia ls  L a b o ra to ry  showed t h a t  th e  d is t r i b u t io n  
o f  s t r a in  on th e  v e r t i c a l  fa c e s  o f  an in s tru m e n te d  a lu m in iu m  p ris m  was 
u n a c c e p ta b le  due to  prob lem s in tro d u c e d  by b a l l  s e a t in g s  and by  
d is t o r t io n  o f  t e s t in g  fra m e s .
U l t im a t e ly ,a  2000kN C o n te s t In s tru m e n ts  GD10 com pression t e s t i n g  m achine  
w ith  a s t i f f  fram e was a c q u ire d  and m o d if ie d  by rem o vin g  th e  b a l l  s e a t in g  
and a te c h n iq u e  d ev e lo p e d  f o r  c a p p in g  specim ens im m e d ia te ly  b e fo re  
c a r r y in g  o u t s t r a in  m easurem ents. The c ap p in g  m a te r ia l  used was a 
com m erc ia l p ro d u c t, P la s t ic  P a d d in g , w hich o f fe r e d  th e  ad van tag es  o f  b e in g  
e f f e c t i v e  on a damp s u r fa c e  and h a v in g  a s e t t in g  t im e  o f  abo u t 15 m in s .
A 500kN lo a d  c e l l  was p la c e d  on th e  t e s t in g  m achine ram , th e  specim en  
p o s it io n e d  and th e  c ap p in g  m a t e r ia l  sp read  on th e  to p  s u r fa c e  and 
s e p a ra te d  from  th e  up p er c ro s s -h e a d  by a la y e r  o f  a lu m in iu m  f o i l .  The ram  
was th e n  r a is e d  u n t i l  th e  cap p in g  m a te r ia l  e x tru d e d  and th e n  m a in ta in e d  
in  t h is  p o s it io n  w h i ls t  th e  c ap p in g  s e t .  The lo a d in g  arran g em en t is  shown 
in  P la te  7 .2 ,
7. TESTING EQUIPMENT
The major items of equipment used in the investigation were as follows:
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Plate7.l. Specimen under test in uni-axial tension.
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Plate 7.2. Specimen under test in uni-axial compression.
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7 .3  S t r a in  measurement
D .C , L in e a r  V a r ia b le  D i f f e r e n t i a l  T ra n s fo rm ers  w ere  mounted in  s m a ll
s t e e l  b lo c k s  g lu ed  to  thfe s u r fa c e  o f  specim ens, u s in g  P la s t ic  P ad d in g ,
to  a llo w  in d ep en d en t measurement o f  s t r a in  on each o f  th e  fo u r  v e r t i c a l
fa c e s  o f  te n s io n  and com pression specim ens. I n i t i a l  d i f f i c u l t y  w ith  th e
system  le d  to  m o d ify in g  th e  o u tp u t from  th e  LVDTs by p ass in g  i t  th ro u g h
—6a b u f f e r  a m p l i f ie r  and t h is  enab led  a r e s o lu t io n  o f  1X10 s t r a in  to  be 
r e l i a b l y  o b ta in e d  w ith  good s h o r t  te rm  s t a b i l i t y .  The tra n s d u c e r  o u tp u t  
th e n  passed in t o  a d a ta - lo g g e r  w hich p ro v id e d  a v is u a l  d is p la y ,  a 
t y p e w r it te n  p r in t - o u t  and a punched paper ta p e . The d a ta  lo g g e r  a ls o  
re c e iv e d  th e  o u tp u t from  th e  lo a d  c e l l .  The ta p e  was th e n  used w ith  a 
com puter programme to  a u to m a t ic a l ly  process th e  d a ta  and p lo t  th e  r e s u l t s .
7 .4  C a l ib r a t io n  o f  th e  t e s t in g  eq u ip m en t.
S in ce  th e  programme in c lu d e d  te s ts  on a w ide  ran ge  o f  m a te r ia ls  w ith  a 
g r e a t  v a r ie t y  o f  s tre n g th  and o f  modulus th e  s e le c t io n  o f  a p p ro p r ia te  
m easuring  systems f o r  lo a d  and f o r  d e fo rm a tio n  c o n s t i tu te d  a m a jo r p ro b lem . 
F i n a l l y ,  lo a d  was m easured by u t i l i s i n g  lo a d  c e l ls  w ith  an a p p ro p r ia te  
ran ge  and th e  d e fo rm a tio n s  w ere measured w ith  LVDTs as d e s c r ib e d  
p r e v io u s ly .  Each system  was c a l ib r a t e d  many t im e s  a t  th e  b e g in n in g  o f  
th e  t e s t  programme and th e  c a l ib r a t io n  was checked a t  fre q u e n t  in t e r v a ls  
d u r in g  th e  course o f  th e  in v e s t ig a t io n .
7 , 4 !  Load m easuring  equipm ent
The exp ected  ra n g e  o f  s tre n g th s  o f  th e  v a r io u s  m a te r ia ls  and th e  
lo a d  c e l l  c a p a c ity  used a re  shown in  T a b le  7 !  b e lo w .
T a b le  7 !  Load c e l l  c a p a c it ie s
M a t e r ia l Com pressionTes ts
Ten s io n
T e s ts
S tre n g th
MN/m2
5 - 4 0 0 . 5  -  3
Load c e l l  c a p a c ity  
kN
500 50
c
S tre n g th
MN/m2 2 - 1 0 0 !  -  1
Load c e l l  c a p a c ity  
kN 50 11
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T,he c a l i b r a t  5.on o f  th e  lo a d  c e l l s  was u n d ertak en  w ith  p ro v in g  r in g s  o f  
th e  c a p a c it ie s  shown in  T a b le  7 . 2 .
T a b le  7 .2  P ro v in g  r in g s  used f o r  c a l ib r a t io n  o f  th e  lo a d  c e l l s .
Load c e l l P ro v in g  r in g
kN kN kN
500 500 20
50 50 10
10 10 -
The c a l ib r a t io n  f a c t o r  d e te rm in e d  o ver th e  w hole  ra n g e  o f  each lo a d  c e l l  
was a ls o  c h e c k e d ,e x c e p t f o r  th e  lOkN lo a d  c e l l ,  in  a lo w e r ra n g e  w ith  
a s m a lle r  p ro v in g  r i n g .  T h is  was n ec es s ary  because th e  low  s tr e n g th  o f  
th e  m a te r ia ls  in v e s t ig a te d  in v o lv e d  u s in g  th e  c e l l s  a t  o r  even below  
l / 1 0 t h  o f  i t s  r a te d  c a p a c ity  and th e  a ccu racy  o f  th e  c a l ib r a t io n  c o u ld  
th e n  be in  d o u b t. T a b le  7 .3  shows th e  c a l i b r a t io n  e r r o r s  f o r  v a r io u s  lo a d  
ra n g e s  f o r  each lo a d  c e l l ,  exp ressed  as a p e rc e n ta g e  o f  th e  lo a d  in d ic a te d  
by th e  p ro v in g  r in g  ( 9 8 ) .  I t  can be seen t h a t ,  as m ig h t be e x p e c te d , th e  
e r r o r  in tro d u c e d  a t  low  lo a d s  is  g r e a te r  th a n  a t  h ig h e r  lo a d s . T a b le  7 .3  
a ls o  g iv e s  d e t a i l s  o f  th e  r e p e a t a b i l i t y  o f  th e  lo a d  m easu rin g  system  
fro m  w hich i t  may be concluded  t h a t  a l l  th e  lo a d  c e l l s  w ere  s a t is f a c t o r y  
a p a r t  fro m  th e  o c c a s io n a l s m a ll d i f f e r e n c e  in  r e a d in g  due p ro b a b ly  to  
e l e c t r i c a l  n o is e  in  th e  e q u ip m e n t. T h is  e r r o r  was g e n e r a l ly  in d ep e n d en t o f  
lo a d  m agnitude  and a p p eared  as a sudden change o f  re a d in g  w h ile  th e  lo a d  
was m a in ta in e d  c o n s ta n t . I t  is  g iv e n  t h e r e fo r e  in  T a b le  7 .3  as an a b s o lu te  
number in  kN and a ls o  as a p e rc e n ta g e  o f  th e  lo a d .
I t  is  th o u g h t t h a t ,  g e n e r a l ly ,  th e  accu racy  o f  lo a d  m easurement was 
s a t is f a c t o r y  b u t th e  im p l ic a t io n s  o f  h ig h e r  e r r o r  a t  low  lo a d s  a re  
d is c u s s e d  in  C h ap ter 1 2 .6  o f  th e  t h e s is .  ,
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Table 7.3 Evaluation of repeatability and error in the load cells.
Load C e l l
T rue
Load
kN
R e p e a t a b i l i t y E r r o r  
% o f  lo a dN % o f  lo a d
5 + 3 .2 + 1 .2 “
10 + 1 .6 -  2 .0
20 + 0 .8 -  1 .6 *
500 kN 40 + 160 N i +
 o V + 0 . 6 “
60 + 0 .3 + 0 .7
80 + 0 .2 + 0 .8
100 + 0 .2 + 0 .8
100 0 .2 + 0 .8
1 + 2 .0 + 5 . 0”
2 + 1 ,0 + 3 . 5 “
50 kN 3 + 20 N + 0 .7 5 + 2 .7 “
4 ± ° - 5 + 1 .5
5 + 0 .4 + 1 .0
5 0 .2 + 0 .8
0 .5 + 2 .0 + 4 . 0 ”
1 t  1 ,0 + 3 .0 "
2 + 0 .5 + 2 .6
11 kN 3 + 10 N + 0 .3 + 1 .5
4 + 0 .2 5 + 1 .1
5 + 0 .2 + 0 .8
5 0 .2 + 0 .8
*  V a lues  re p o r te d  w ith  r e s e r v a t io n  because o f  th e  h ig h  p e rc e n ta g e  
a t t r i b u t a b l e  to  " r e p e a t a b i l i t y " .
7 .4 . 2  S tra in _ m e a s u r in g  equ ip m en t.
The LVDTs were c a l ib r a t e d  u s in g  a m ic ro m e te r . For p r a c t ic a l  re a s o n s , th e  
c a l i b r a t io n  f a c t o r  f o r  a l l  th e  LVDTs was a d ju s te d  to  be as c lo s e  as 
p o s s ib le  to  0 .1  by o p e ra t in g  th e  c o rre s p o n d in g  c o n t r o l  in  th e  b u f f e r  
a m p l i f ie r  u n i t .
In  c a l i b r a t in g  th e  LVDTs, h o w ever,tw o  sources o f  e r r o r  w ere p o s s ib le .
\The f i r s t  was due to  th e  r o t a t io n  o f  th e  m oving ro d  o f  th e  m ic ro m e te r ,  
and th e  second was due to  e r r o r s  in  p ro d u c in g  a p re d e te rm in e d  d e f le c t io n  
to  th e  LVDTs because o f  in a c c u ra te  p o s it io n in g  o f  th e  m ic ro m e te r d iv is io n s  
in  l i n e  w ith  th e  re fe r e n c e  p o in t .
In  an a tte m p t to  m in im iz e  th e  c a l i b r a t io n  e r r o r s ,  many re a d in g s  w ere  ta k e n  
by p ro d u c in g  d e f le c t io n s  to  th e  LVDTs o f  7 o r 8 X 0 .02 54  mm so as t o  c o v er  
a lm o st a l l  th e  c a p a c ity  o f  th e  system  and t y p ic a l  r e s u l t s  a re  g iv e n  in  
T a b le  7 .4 .  In  te n s io n  t e s t s ,  h o w ev e r, o n ly  a s m a ll p a r t  o f  th e  s y s te m ’ s 
c a p a c ity  was u t i l i z e d  an d , t h e r e f o r e ,  a d d i t io n a l  c a l i b r a t io n  checks w ere  
th o u g h t n ec es s ary  by p ro d u c in g  d e f le c t io n s  o f  1 o r  2 X 0 .02 54  mm. In  t h i s  
case th e  e r r o r  due to  th e  second sou rce  is  in c re a s e d  and t h e r e fo r e  a la r g e  
number o f  re a d in g s  w ere  th o u g h t n e c e s s a ry . T y p ic a l  r e s u l t s  a re  g iv e n  in  
T a b le  7 . 5 .
A lth o u g h  th e  number o f  o b s e rv a t io n s  does n o t a l lo w  s t r i c t  com parisons t o  
be made i t  is  c le a r  t h a t  th e  v a r i a b i l i t y  is  g r e a te r  in  th e  case o f  s m a ll 
d e f le c t io n s .
T a b le  7 .4  A n a ly s is  o f  c a l ib r a t io n  f a c to r s  f o r  la r g e  d e f le c t io n s .
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GAUGE
1 2 3 4
Number 
o f  re a d in g s 8 6 8 8
Mean 0 .0 9 9 3 0 0 .1 0 3 3 7 0 .0 9 9 2 0 .1 0 0 9
s 0 .0 0 0 2 2 6 0 .0 0 0 4 3 1 0 .0 0 0 8 8 7 0 .0 0 07 3 7
c ,  V 0 .2 2 0 .4 0 .8 9 0 .7 3
max X 
min X 
ran ge
0 .0 9 9 6
0 ,0 9 9 2
0 .0 0 0 4
0 .1 0 3 9  
0 ,1 0 2 8  
0 .0 0 1 1
0 .1 0 0 6
0 .0 9 8 0
0 .0 0 2 6
0 .1 0 2 0
0 .1 0 0 1
0 .0 0 1 9
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Table 7.5 Analysis of calibration factors for small deflections.
GAUGE
1 2 3 4
Number 
o f  re a d in g s 22 20 22 47
Mean 0 .0 9 9 9 0 .1 0 2 6 0 .0 9 9 5 0 .1 0 0 8
s 0 .0 0 1 3 2 0 .0 0 1 1 9 0 .0 0 1 9 1 0 .0 0 1 7 7
c .v 1 .3 1 .2 1 .9 1 .7
max X 
min X 
ran ge  R
0 .1 0 2 2  
0 .9 7  2 
0 ,0 0 5 0
0 .1 0 4 6
0 .0 9 9 3
0 .0 0 5 3
0 .1 0 3 1
0 .0 9 4 2
0 .0 0 8 9
0 .1 0 5 1
0 .0 9 7 4
0 .0 0 7 7
The d e te rm in a t io n  o f  th e  e f f e c t i v e  gauge le n g th  a ls o  c o n s t i tu te d  a p ro b le m ,
th e  c a l i b r a t io n  b e in g  based on th e  assum ption  t h a t  th e  gauge le n g th  is  e q u a l
to  the-, d is ta n c e  betw een  th e  c e n tre s  o f  th e  s t e e l  b lo c k s  used to  mount 
th e  tra n s d u c e rs  on th e  specim en. In  o rd e r  to  check t h is  a ss u m p tio n , th e  
LVDTs w ere  mounted s y m m e tr ic a lly  o v e r 30 mm lo n g  ERS gauges g lu e d  on to  an 
a lu m in iu m  p ris m  and th e  p ris m  lo a d e d  in  a com pression t e s t in g  m achine to  
50 kN and to  100 kN . The r e s u l t s  o f  b o th  s t r a in  m easu rin g  system s g iv e n  
in  T a b le  7 .6  show t h a t  a lth o u g h  a l l  th e  ERS gauges c o n s is te n t ly  in d ic a te d  
s l i g h t l y  h ig h e r  s t r a i n s , th e  maximum d i f f e r e n c e  betw een  c o rre s p o n d in g  gauges  
d id  n o t exceed 5ys and t h is  is  n o t c o n s id e re d  s i g n i f i c a n t .
The assum ption re g a rd in g  th e  gauge le n g th  was f u r t h e r  checked when
p r e l im in a r y  te s ts  v ie r e  made in  o rd e r  to  choose th e  com pression  t e s t i n g  
m achine w hich induced  th e  most u n ifo rm  s t r a in s  in  specim ens. In  th e s e  t e s t s ,  
s t r a in s  w ere  m easured by means o f  DEMEC gauges on s o i l-c e m e n t  and le a n  
c o n c re te  specim ens te s te d  in  com press io n . In  two c a s e s , th e  s t r a in s  w ere  
a ls o  m easured w ith  LVDTs and th e  r e s u l t s  o f  th e  c o rre s p o n d in g  gauges a t  
th e  same lo c a t io n s  w ere  e f f e c t i v e l y  e q u a l.
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T a b le  7 .6  Com parison o f  s t r a in  d a ta  from  LVDTs and fro m  
ERS gauges on an a lu m in iu m  p r is m .
Load STRAINS -6  5:10
(a p p ro x )
kN Face 1 Face 2 Face 3 Face 4
LVDT ERS LVDT ERS LVDT ERS LVDT ERS
1 2 1 2 1 2 1 2
50 59 63 77 79 78 80 61 63
100 119 124 154 157 156 160 122 125
The d i f f e r e n c e  betw een  th e  s t r a in s  on fa c e s  2&3 and fa c e s  
1&4 is  d is cu s se d  in  C h a p te r 1 0 .2  o f  th e  t h e s is .
7 .5  F a t ig u e  equipm ent
The equipm ent was d es ig n ed  and f a b r ic a t e d  f o r  th e  C o n s tru c t io n  M a te r ia ls  
L a b o ra to ry  by John L a in g  R esearch  and D evelopm ent in  a s s o c ia t io n  w ith  
Sands W h ite ly  Research and D evelop m en t. I t  c o n s is ts  o f  a 100 kN fram e  
b u t was p ro v id e d  in  t h is  in s ta n c e  w ith  a lo a d  c e l l  o f  50 kN c a p a c ity  
i n  o rd e r  to  in c re a s e  s e n s i t i v i t y  a t  th e  r e l a t i v e l y  low  s tre n g th  l e v e l  
o f  cement s t a b i l is e d  m a t e r ia ls . The lo a d  c e l l  o f  th e  m achine was 
p e r io d i c a l ly  c a l ib r a t e d  under s t a t i c  lo a d in g  w ith  a p ro v in g  r i n g .
The pump and v a lv e  system  a llo w s  fre q u e n c ie s  o f  up t o  20Hz to  be u sed . 
The system  o p e ra te s , in  i t s  p re s e n t  fo rm , betw een s tr e s s  l i m i t s  on a 
s in u s o id a l  wave form  and a s im p le  pen re c o rd e r  m o n ito rs  th e  maximum and 
minimum lo a d , an u l t r a v i o l e t  r e c o r d e r  b e in g  used p e r io d i c a l ly  to  check  
th e  form  o f  th e  a p p lie d  lo a d .  A ramp wave form  was used f o r  s in g le  sho t 
t e s t s  in  w hich th e  lo a d  was r a p id ly  in c re a s e d  so as to  in d u ce  f a i l u r e  in  
a p p ro x im a te ly  th e  t im e  ta k e n  f o r  th e  s in u s o id a l wave to  re a c h  i t s  p e a k .
The system  is  shown d ia g r a m a t ic a l ly  in  F ig u re  7 .1  and is  i l l u s t r a t e d  in  
P la te  7 .3 .
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Plate 7.3 Repeated loading tension test.
8 !  P ro c e s s in g  o f  m a te r ia ls
The a g g re g a te  used f o r  th e  le a n  c o n c re te  m ixes ( m a t e r ia l  A) was oven 
d r ie d  and th e n  screen ed  in t o  s in g le  s iz e s  down to  th e  2 !8 m m . s ie v e ,  
th e  f r a c t i o n  p a s s in g  b e in g  f u r t h e r  screen ed  on th e  600 y m ., a f t e r  
w hich  th e  a g g re g a te  was s to r e d . Each b a tc h  was s u b s e q u e n tly  r e c o n s t i t u t e d ,  
d r ie d  a t  105°C f o r  16 to  24 h o u rs , a llo w e d  to  c o o l,  and p la c e d  in  a  
p o ly e th e le n e  drum. The t o t a l  m ix in g  w a te r  was th e n  added, th e  drum s e a le d  
and th e  c o n te n ts  a llo w e d  to  s ta n d  o v e r n ig h t .
The b r ic k e a r th  used f o r  th e  s o il-c e m e n t  ( M a t e r ia l  C) was a i r  d r ie d  f o r
seven d a y s , th e  la r g e  lumps c ru s h e d , screen ed  on a 600 ym. s ie v e  and th e
r e ta in e d  m a t e r ia l  crushed  and th e  process  re p e a te d  u n t i l  a u n ifo rm
m a te r ia l  was p ro d u ced . Two t h i r d s  o f  th e  m ix w a te r  c o n te n t a f t e r  a l lo w in g
f o r  any w a te r  r e ta in e d  in  th e  c la y  was th e n  added to  th e  s o i l  in  a m ix e r
and th e  m ixed m a t e r ia l  s to re d  in  p o ly e th e le n e  drums f o r  n o t le s s  th a n
one week p r io r  to  u s e . The b a la n c e  o f  th e  w a te r  and th e  cement w ere th e n
3 3added and m ixed f o r  f i v e  m in u tes  in  a 0 .0 5 6 6  m ( 2 f t  ) L in e r  open pan 
cum -flo w  m ix e r p r io r  to  m aking sp ec im en s .
The W h eatley  s a n d y -g ra v e l ( M a t e r ia l  B) was a i r  d r ie d  f o r  seven d a y s , th e  
lumps crushed  and a f t e r  th o ro u g h  m ix in g  i t s  m o is tu re  c o n te n t was 
d e te rm in e d . The w a te r  r e q u ir e d  to  b r in g  i t  up to  th e  m ix  v a lu e  was 
s u b s e q u e n tly  'added a f t e r  w h ich  th e  m a te r ia l  was m ixed and^then  s to re d  
o v e rn ig h t  in  a s e a le d  p o ly e th e le n e  drum.
The r e c o n s t i tu te d  cem ent bound g r a n u la r  m a te r ia ls  ( M a te r ia ls  D & E ) w ere  
p re p a re d  by d r y in g  th e  a g g re g a te  as f o r  M a t e r ia l  A , a d d in g  b r ic k e a r th  
as p re p a re d  f o r  M a t e r ia l  C , a d d in g  th e  t o t a l  w a te r  and m ix in g  by hand 
b e fo re  s to r in g  th e  m a t e r ia l  o v e rn ig h t  in  a s e a le d  p o ly th e n e  c o n ta in e r .
8 .2  S e le c t io n  o f  specim en ty p e  and s iz e
S in c e  th e  maximum s iz e  o f  a g g re g a te  to  be used was 20 mm., la b o r a to r y  
moulds based on a 1 0 1 . 6rnm. d im en sio n  w ere ju d g ed  t o  be a c c e p ta b le  f o r  
a l l  t e s t  specim ens. I t  rem ain ed  o n ly  t o  d e te rm in e  th e  shape o f  specim en  
b e s t s u i te d  f o r  each t e s t  an d , in  so d o in g , to  ta k e  in to  accou n t th e  
in t e n t io n  o f  com pacting  to  r e f u s a l  u s in g  a v ib r a t in g  e l e c t r i c  hammer, 
a p p lie d  under p re s s u re . P re v io u s  e x p e r ie n c e  w ith  t h i s  method o f  > 
com paction  had shown a m arked ten d en c y  f o r  com paction  p la n e s  t o  be 
form ed in  some m a te r ia ls  and i t  was n ec es s ary  to  c o n s id e r  th e
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s ig n i f ic a n c e  o f  th e s e  p la n e s  in  r e l a t i o n  to  th e  d ir e c t io n  o f  lo a d in g  
and th e  p ro b a b ly  mode o f  f a i l u r e  o f  an is o t r o p ic  specim en . A f u r t h e r  
c o m p lic a t io n  was t h a t  p r e l im in a r y  t e s t s  on a p a r t i c u l a r  f in e  g ra in e d  
s o i l  (a  c o m b in a tio n  o f  g r a v e l  p i t  s c re en  w ashings and f in e  sand) had 
shown t h a t  c rac ks  form ed in  a d i r e c t io n  a t  r i g h t  a n g le s  to  th e  d i r e c t io n  
o f  c o m p a c tio n . C racks o f  t h i s  ty p e  had p re v io u s ly  been n o tic e d  on t e s t  
specim ens o f  cement s t a b i l i s e d  c o h e s iv e  s o i ls  and w ere th o u g h t to  be 
s u r fa c e  c racks  form ed by r e s t r a i n t  a t  th e  in t e r f a c e  betw een th e  mould  
and th e  m a te r ia l  b u t t h i s  p roved  no t to  be th e  c a s e . C racks w ere  found  
w ith in  specim ens as shown in  th e  r ig h t  hand specim en in  P la te  8.1 b u t  
w ere n o t d e te c te d  in  th e  s t a b i l i s e d  b r ic k e a r th  ( M a t e r ia l  C) u l t im a t e ly  
chosen f o r  th e  m ain in v e s t ig a t io n  as shown in  th e  l e f t  hand specim en  
in  P la te  8 .1 .
8 .2 . 1  Tens io n  t e s t  s
For te n s io n  t e s t s ,  th e  use o f  1 0 1 ,6 X 1 0 1 .6  X 508 mm. beam moulds  
was c o n s id e re d  s a t is f a c t o r y  s in c e  com paction  p la n e s  a n d , i f  
e n c o u n te re d , com paction  c ra c k s , would be p a r a l l e l  t o  th e  d i r e c t io n  
o f  lo a d in g  so t h a t  th e y  w ould be u n l ik e ly  t o  d i r e c t l y  in f lu e n c e  
f a i l u r e .
F o r th e  programme o f  f a t ig u e  t e s t s ,  th e  specim en d im en sio n s  used  
f o r  th e  te n s io n  t e s t s  w ere  c o n s id e re d  a p p r o p r ia te  s in c e  b o th  
system s a re  d es ig n ed  to  a p p ly  u n i - a x i a l  t e n s io n .
8 .2 .2  Com pression t e s ts
The use o f  cubes as a m easure o f  com pressive  s t r e n g th  was 
r e je c t e d  due to  th e  t r i a x i a l  s ta te  o f  s tre s s  in duced  by p la te n  
r e s t r a i n t  ( 8 7 ) .  E q u iv a le n t  cube t e s ts  w e re , h o w ever, c a r r ie d  o u t  
on th e  b ro ken  p o r t io n s  o f  te n s io n  t e s t  specim ens s in c e  cube 
s tre n g th  is  th e  c r i t e r i o n  used in  p r a c t ic e  (2 1 )  and in  a number 
o f  re s e a rc h  s tu d ie s .
A minimum r a t i o  betw een specim en h e ig h t and l a t e r a l  ', d im en sio n  
o f  2 :1  and p r e fe r a b ly  2 .5 : 1  is  r e q u ir e d  (8 7 )  i f  com pressive  
s tre n g th  is  t o  be m easured in  is o la t io n  fro m  th e  e f f e c t s  o f  
p la te n  r e s t r a i n t ,  and a c h o ic e  e x is ts  betw een u s in g  e i t h e r  square  
s e c tio n  p rism s o r  c y l in d e r s .  I n i t i a l l y ,  p rism s were r e je c t e d  on 
th e  grounds t h a t  th e  com pactio n  p la n e s  would be p a r a l l e l  t o  th e  
d ir e c t io n  o f  lo a d in g  and cem ented m a te r ia ls  g e n e r a l ly  f a i l  by
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v e r t i c a l  s p l i t t i n g .  In s te a d ,c y l in d e r s  2 0 3 .2  mm. h ig h  by 1 0 1 .6  mm. 
d ia m e te r  w ere  chosen , th e  need f o r  c ap p in g  b e in g  o f  no consequence  
in  t h i s  in v e s t ig a t io n  in  v ie w  o f  th e  d e c is io n  t o  cap a l l  specim ens  
f o r  s t r a in  m easurem ent in  th e  com pression t e s t in g  m ach in e . In  th e  
course  o f  th e  in v e s t ig a t io n ,  i t  became a p p a re n t t h a t  th e  v e r t i c a l  
s t r a in  m easurem ents on c y l in d e r s  were b e in g  in f lu e n c e d  in  some 
specim ens e i t h e r  by th e  p resen ce  o f  com paction  c ra c k s  o r  by th e  
e x is te n c e  o f  p la n e s  w ith o u t  c o n t in u i t y  o f  c o arse  a g g re g a te  
p a r t i c l e s .  T h ere  was a ls o  a r i s k ,  e s p e c ia l ly  w ith  le a n  c o n c re te ,  
f o r  d ry  s e g re g a t io n  t o  occu r in  mould f i l l i n g  c a u s in g  hungry  
p atches  to  be form ed im m e d ia te ly  above a com pacted la y e r  in  an 
o c c a s io n a l specim en . I t  was th e r e fo r e  d e c id e d  to  produce 1 0 1 .6  X 
1 0 1 .6  X 254 p rism s in  a d d it io n  to  th e  c y l in d e r s  and t o  e s ta b l is h  
w h e th e r o r n o t th e  two ty p e s  o f  specim en gave n o ta b ly  d i f f e r e n t  
v a lu e  f o r  modulus o r  f o r  s t r e n g th .
8 .3  Method o f  com paction
In  d e c id in g  upon th e  method an d , in  p a r t i c u l a r ,  th e  d eg ree  o f  com pactio n  
to  b e -a d o p te d , a c o n f l i c t  a r is e s  s in c e  le a n  c o n c re te  specim ens on s i t e  
a re  com pacted to  r e f u s a l  w hereas cement bound g r a n u la r  m a te r ia l  and 
s o il-c e m e n t  specim ens a re  com pacted to  th e  d e n s ity  a c h ie v e d  in  th e  
f i e l d .  A ltho u g h  th e r e  is  m e r i t  in  u n d e r ta k in g  la b o r a to r y  re s e a rc h  on 
specim ens compacted to  th e  minimum l e v e l  a c c e p ta b le  in  p r a c t ic e  in  th e  
ro a d b a s e , t h i s  in tro d u c e s  th e  d i f f i c u l t y  o f  p a r t i a l l y  com pacting  specim ens  
w ith o u t  in t r o d u c in g  pronounced d e n s ity  g ra d ie n ts  w hich  seem to  be in h e r e n t  
in  t h i s  app ro ach .
On b a la n c e , i t  was c o n s id e re d  t h a t  com pacting  specim ens t o  r e f u s a l  would  
be p r e fe r a b le  in  o rd e r  t o  o b ta in  c o m p a ra tiv e  d a ta  f o r  a ran g e  o f  m a te r ia ls .  
A t a l a t e r  s ta g e , i t  m ig h t be d e s ir a b le  t o  e x ten d  th e  s tu d y  by t e s t in g  
specim ens a t  a lo w e r l e v e l  o f  com paction  a n d , w ith  t h i s  in  m in d , p r o v is io n  
was made in  th e  t e s t in g  programme f o r  p ro d u c in g  a l im i t e d  number o f  
specim ens a t  a red uced  l e v e l  o f  d e n s ity  in  o rd e r  t o  o b ta in  an in d ic a t io n  
o f  th e  e f f e c t  o f  com paction  on th e  ran ge  o f  p r o p e r t ie s  exam ined and to  
a c q u ire  e x p e r ie n c e  in  p ro d u c in g  specim ens t o  a p re -d e te rm in e d  d e n s ity .
To red u ce  o p e ra to r  v a r i a b i l i t y ,  th e  v ib r a t in g  hammer was mounted in  a 
s im p le  fram e and a w e ig h t o f  47 k g . p o s it io n e d  on th e  hammer, t h i s  b e in g  
th e  a v e ra g e  fo r c e  when a number o f  o p e ra to rs  a p p lie d  th e  hammer m an u a lly
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am t o  a w e ig h in g  d e v ic e . A s im p le  ra c k  was p ro v id e  so t h a t  beams and p rism s  
c o u ld  be moved l a t e r a l l y  d u r in g  com pactio n . The d u r a t io n  o f  v ib r a t io n  f o r  
beams was a p p ro x im a te ly  45s f o r  each o f  two la y e r s  and 35s f o r  each o f  
th r e e  la y e r s  in  th e  case o f  c y l in d e r s .  The la y e r s  w ere th o ro u g h ly  s c a r i f i e d ,  
t h i s  b e in g  e s p e c ia l ly  n ec es s ary  w ith  th e  m a te r ia ls  c o n ta in in g  c la y .
F o llo w in g  com paction  in  th e  fram e , a l i g h t e r  v ib r a t in g  hammer f i t t e d  w ith  
a la r g e  fo o t  was used to  p la n e  o f f  th e  to p  s u fa c e  f lu s h  w ith  th e  to p  o f  
th e  m ould. The fram e mounted hammer is  shown in  P la te  8 .2
8 .4  C u rin g
Im m e d ia te ly  fo l lo w in g  c o m p a c tio n , th e  specim ens o f  a l l  m a te r ia ls  (A to  E ) 
were covered  w ith  a p o ly e th y le n e  s h e e t and s to re d  in  a fo g  room o p e ra t in g  
a t  20°C . To m in im is e  th e  d anger o f  dam aging specim ens, and e s p e c ia l ly  so 
th e  beams, th e  specim ens w ere l e f t  in  th e  moulds f o r  two days and th e n  
s t r ip p e d ,  w eighed and num bered.
The le a n  c o n c re te  specim ens ( M a t e r ia l  A ) w ere th en  p la c e d  under w a te r  in  
a ta n k  in  th e  fo g  room , fo l lo w in g  th e  p r a c t ic e  s p e c i f ie d  (2 4 )  f o r  c o n c re te .  
The o th e r  m a te r ia ls  (B to  E) a l l  c o n ta in e d  c la y ,  a n d , fo l lo w in g  th e  p r a c t ic e  
s p e c i f ie d  (9 7 )  f o r  s t a b i l is e d  s o i l ,  w ere s to re d  in  in d iv id u a l  p o ly e th y le n e  
bags in t o  w hich a s m a ll q u a n t ity  o f  w a te r  was s p ra y e d , b e fo re  s e a l in g  and 
s to r in g  in  th e  fo g  room .
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The t e s t  p ro ced u res  w ere d ev e lo p e d  to  ta k e  accou n t o f  th e  need t o  p re p a re  
specim ens f o r  t e s t  by a t ta c h in g  s t e e l  b lo c k s  and p o s it io n in g  th e  LVDTs, w h i ls t  
e n s u rin g  t h a t  s ig n i f i c a n t  changes d id  n o t occu r in  th e  m o is tu re  c o n d it io n  o f  
specim ens e i t h e r  d u r in g  p r e p a r a t io n  f o r  t e s t  o r d u r in g  th e  t e s t  i t s e l f ,  th e  
l a t t e r  b e in g  e s p e c ia l ly  im p o r ta n t  in  th e  r e l a t i v e l y  lo n g  d u r a t io n  re p e a te d  
lo a d in g  t e s t s .
9 .1  D ry in g  p re c a u t io n s
In  th e  p r e l im in a r y  s ta g e s  o f  th e  s tu d y , wax d ip p in g  was t r i e d  u s in g  a b a th  
and fram e s e t  up to  accommodate th e  beams. T h is  was o f  m e r it  in  t h a t  i t  
e f f e c t i v e l y  s e a le d  th e  specim ens and i t  was a r e l a t i v e l y  s t r a ig h t fo r w a r d  
p ro cess  to  c u t away th e  wax l o c a l l y  f o r  a t ta c h in g  th e  s t e e l  b lo c k s . B ut i t  
was tim e  consuming and th e  h a n d lin g  o f  specim ens a t  e a r ly  ages in tro d u c e d  
th e  r i s k  o f  damage and th e  p o s s i b i l i t y  t h a t  th e  wax d ip p in g  te m p e ra tu re  
c o u ld  in f lu e n c e  th e  m a t e r ia l  p r o p e r t ie s .
A p ro ce d u re  was t h e r e fo r e  d eve lo p ed  w hich  was e q u a lly  a p p lic a b le  to  th e  
le a n  c o n c re te  specim ens fo l lo w in g  t h e i r  re m o va l from  th e  ta n k  and to  th e  
cement bound g ra n u la r  m a te r ia ls  and s o il-c e m e n t  fo l lo w in g  t h e i r  re m o va l 
from  p o ly e th y le n e  b ag s . A l l  th e  specim ens w ere w eighed as a m a t te r  o f  
course  and im m e d ia te ly  wrapped in  a t h i n  p o ly e th y le n e  s h e e t w h ich  adhered  
to  th e  damp s u r fa c e s  o f  s p e c im e n s ,p re v e n tin g  lo s s  o f  m o is tu re . The 
e le c tro -d y n a m ic  modulus o f  th e  te n s io n  and f le x u r e  specim ens was d e te rm in e d  
p r io r  to  w rap p in g  w ith  th e  p o ly e th y le n e  s h e e t . In  o rd e r  t o  a t ta c h  th e  s t e e l  
b lo c k s  w hich secured  th e  LVDTs in  p o s i t io n ,  th e  p o ly e th y le n e  was 
s u b s e q u e n tly  rem oved o n ly  a t  th e  p re d e te rm in e d  lo c a t io n s  and th e  s t e e l  
b lo c k s  w ere  g lu ed  on th e  damp s u r fa c e  w ith  P l a s t ic  P a d d in g . A s im p le  j i g  
lo c a te d  th e  b lo c k s  and t h is  p ro ce d u re  was re p e a te d  f o r  each fa c e  in  t u r n .  
The p o ly e th y le n e  s e a l  was removed im m e d ia te ly  b e fo re  c a r r y in g  o u t th e  
s tr e n g th  and modulus t e s t s ,  s in c e  th e s e  were o f  s h o rt d u r a t io n .  F o r th e  
f a t ig u e  t e s t s ,  h o w ever, i t  was n ec es s ary  to  e n su re  t h a t  th e  specim ens  
rem ained  e f f e c t i v e ly  s e a le d  f o r  p e r io d s  up to  2 d a y s , a n d , s in c e  s u r fa c e  
s t r a in  re a d in g s  w ere  n o t p a r t  o f  t h i s  t e s t ,  th e  t h in  p o ly e th y le n e  was l e f t  
in  p la c e  and supplem ented  by s l id in g  a p la s t ic  s le e v e  o f  th e  ty p e  used in  
s o i ls  t e s t in g  o v e r th e  c e n t r a l  p o r t io n  o f  th e  s p e c im e n ,th e  e n t i r e  assem bly  
o f  specim en p lu s  f r i c t i o n  g r ip s  b e in g  wrapped w ith  p o ly e th y le n e . The t h in
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s h e e t in g  was removed fro m  th e  specim ens where th e  end p la te s  o f  th e  f r i c t i o n  
jg rip s  made c o n ta c t .
9 .2  T en s io n  te s ts
S tra in - measurements w ere  tak en  in  th e  m a jo r i t y  o f  th e  te n s io n  t e s ts  s in c e
th e  use o f  th e  LVDTs system  in  c o n ju n c tio n  w ith  th e  d a ta  lo g g e r  a llo w e d
2
th e  chosen t e s t in g  r a t e  o f  0 .3 5  MN/m /m in  to  be a p p lie d  c o n t in u o u s ly . T h is
2r a t e  is  l / 1 0 t h  o f  th e  r a t e  o f  3 .4 5  MN/m s e le c te d  f o r  th e  com pression  t e s t s ,  
r e f e r r e d  to  b e lo w . Once th e  s t e e l  b lo c k s  had been g lu e d  to  th e  sp ec im en s , 
th e  tim e  in v o lv e d  in  lo c a t in g  th e  specim en in  th e  g r ip s  and p o s it io n in g  
th e  LVDTs in  th e  b lo c k s  was le s s  th a n  10 m in s . and th e  t e s t  i t s e l f  r e q u ir e d  
some 5 m in s . on a v e ra g e , so t h a t  un d er one h o u r was r e q u ir e d  f o r  th e  
c om plete  process  in c lu d in g  specim en p r e p a r a t io n .
In  th e  lo a d in g  t e s t ,  th e  d a ta  lo g g e r  sca n n in g  p ro cess  was m a n u a lly  a c tu a te d  
once e v e ry  10 to  15 secon d s , a t  lo a d  in c rem e n ts  o f  a p p ro x im a te ly  0 .5  kN , 
and th e  lo a d in g  c o n tin u e d  up to  f a i l u r e .  On c o m p le tio n  o f  th e  t e s t ,  th e  
maximum lo a d  in d ic a te d  on th e  t e s t in g  m achine was n o te d , s in c e .th e  lo a d  
c e l l  may n o t have been scanned a t  t h a t  p a r t i c u la r  i n s t a n t ,  and th e  lo c a t io n  
o f  f a i l u r e  re c o rd e d  in  o rd e r  t h a t  a d is t r ib u t io n  a n a ly s is  m ig h t be 
u n d e rta k e n  s u b s e q u e n tly . The two p a r ts  o f  th e  f a i l e d  specim en w ere th e n  
r e tu rn e d  to  th e  fo g  room a n d , l a t e r ,  te s te d  to  o b ta in  th e  e q u iv a le n t  cube  
s tr e n g th .
The punch ta p e  d a ta  w ere  th e n  p rocessed  in  o rd e r  to  o b ta in  s t r e s s - s t r a i n  
r e la t io n s h ip s  f o r  d e te rm in in g  th e  modulus o f  e l a s t i c i t y  and th e  s t r a i n  a t  
95% o f  th e  u l t im a te  lo a d .
9 .3  Com pression t e s ts
S im i la r  s e t t in g  up and lo a d in g  p ro ce d u re  w ere fo l lo w e d  f o r  th e  com pression
2
t e s ts  on p rism s and c y l in d e r s ,  th e  lo a d in g  r a t e  o f  3 .4 5  MN/m /m in  b e in g  th e
v a lu e  s p e c i f ie d  (9 7 )  f o r  s tre n g th  t e s ts  on cement bound g r a n u la r  m a t e r ia l
2and s o i l -c e m e n t ,  th e  c o rre s p o n d in g  r a t e  o f  15 MN/m /m in  s p e c i f ie d  (2 4 )  f o r
c o n c re te  ( in c lu d in g  le a n  c o n c re te  ( 2 1 ) )  b e in g  in a p p r o p r t ia te  f o r  low
s tr e n g th  m a te r ia ls  such as th e  f in e  g ra in e d  s o i l-c e m e n t  in c lu d e d  in  th e
programme o f  t e s t s .  H ow ever, when e q u iv a le n t  cube t e s ts  were c a r r ie d  out-
on th e  b ro ken  p o r t io n s  o f  beams in  o rd e r  to  fo rm  a l i n k  w ith  c u r r e n t
2
p r a c t ic e ,  th e  h ig h e r  s t r e s s in g  r a t e  o f  15 MN/m /m in  which is . s p e c i f ie d  f o r  
le a n  c o n c re te  was th e n  used f o r  a l l  m a t e r ia ls .
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A modulus d e te rm in a t io n  in  com pression a ls o  r e q u ir e d  le s s  th a n  one hour 
to  com plete  s in c e , by p h as in g  th e  te n s io n  and com pression  t e s t s ,  th e  
15 m inutes n ec es s ary  f o r  th e  c ap p in g  m a te r ia l  to  f u l l y  harden  c o u ld  be 
accommodated w ith o u t  in t r o d u c in g  d e la y .
9.4- G e n e ra l comments
There  is  l i t t l e  Boubt t h a t  h a n d lin g  beam specim ens o f  low  s tre n g th  m a te r ia l  
a t  an e a r ly  age and more c r i t i c a l l y  in  rem oving  specim ens from  th e  m oulds  
even a t  2 days in tro d u c e s  th e  p o s s i b i l i t y  o f  lo c a l  damage and on o cc as io n  
f r a c t u r e  o f  th e  specim ens. In  some in s ta n c e s , h a n d lin g  c ra c k s  w ere d e te c te d  
in  beams p r io r  to  t e s t in g  and t h is  was n o te d . On o c c a s io n , b u t n o t as a 
m a tte r  o f  r o u t in e ,  th e  u l t r a  s o n ic  p u ls e  tim e  a lo n g  th e  le n g th  o f  th e  beam 
specim ens was m easured and t h is  som etim es y ie ld e d  an u n u s u a lly  lo n g  t im e ,  
u s u a lly  a s s o c ia te d  w ith  an a b n o rm a lly  low  lo a d  a t  f a i l u r e .  Whenever c ra c k in g  
was known to  e x i s t ,  e i t h e r  from  v is u a l  o b s e rv a t io n  o r from  p u ls e  t im e ,  th e  
specim en was judged  n o t t o  t r u l y  re p re s e n t  th e  p o p u la t io n  u n d er t e s t  and 
th e  r e s u l t  has been r e je c t e d .  N e v e r th e le s s , some a p p a re n t ly  s t r a y  r e s u l t s  
have been o b ta in e d  w hich cannot be e x p la in e d  in  t h i s  way and th e s e  have  
t h e r e fo r e  been in c lu d e d  in  th e  d a ta  p ro cessed .
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B e fo re  d is c u s s in g  th e  v a lu e s  o b ta in e d  f o r  th e  s tre n g th  and e la s t i c  p r o p e r t ie s  
o f  th e  m a te r ia ls  exam in ed , i t  is  n e c e s s a ry  to  c o n s id e r  two a s p e c ts  o f  th e  
e x p e r im e n ta l w o rk .
1 0 .1  Specimen p r e p a r a t io n
The v a lu e s  o f  b u lk  d e n s ity  d e te rm in e d  a t  th e  t im e  o f  c a r r y in g  o u t th e  
lo a d in g  te s ts  have been a n a ly s e d  s t a t i s t i c a l l y  and th e  resu 3 .ts  a re  g iv e n  
in  T a b le  1 0 .1 .  In  t h i s  and in  subsequent t a b le s ,  th e  r e s u l t s  a re  
p re s e n te d  w ith  th e  m a te r ia ls  in  th e  o rd e r  A - D - E - B - C ,  because o f  
fe a tu r e s  common to  m a te r ia ls  A and D to  D and E a n d . to  E and B , w ith  
m a t e r ia l  C b e in g  a p p re c ia b ly  d i f f e r e n t .
Specimens o f  m a t e r ia l  A w ere  cured  in  w a te r  and t h is  a llo w e d  t h e i r  
d e n s ity  to  be d e te rm in e d  by w e ig h in g  in  a i r  and in  w a te r  b e fo re  lo a d  
t e s t in g .  Specimens o f  th e  o th e r  m a te r ia ls ,  h o w ever, had been c u red  in  
p o ly e th y le n e  bags s in c e  th e y  c o n ta in e d  c la y  and i t  was t h e r e fo r e  
n eces s ary  to  ad o p t d i f f e r e n t  methods f o r  d e te rm in in g  d e n s ity .  In  th e  case  
o f  beam s, th e  b roken  p o r t io n s  re m a in in g  a f t e r  te n s io n  o r f l e x u r a l  t e s t  
w ere w eighed in  a i r  and in  w a te r ,  b u t t h i s  was n o t s u i ta b le  f o r  c y l in d e r s .  
In s te a d , i t  was d ec id e d  to  base d e n s ity  on th e  n o m in a l volum e o f  th e  
mould in  v iew  o f  t h e i r  low  r a t i o  o f  t r o w e l le d  s u r fa c e  to  vo lum e, t h is  
b e in g  j u s t i f i e d  by th e  com parison in  T a b le  1 0 .2  b elow  f o r  m a t e r ia l  A.
TABLE 1 0 .2  E f f e c t  o f  method o f  d e n s ity  d e te rm in a t io n  in  r e l a t io n  
t o  specim en ty p e .  M a t e r ia l  A.
10. INTERPRETATION OF RESULTS
Specimen Type
D i f f e i ’ence in  d e n s ity  exp ressed  as 
p e rc e n ta g e  o f  d e n s ity  d e te rm in e d  by 
w e ig h in g  in  a i r  and in  w a te r
DIFFERENCE %
Maximum Minimum A verage
C y lin d e r + 0 .9 8 -  0 .8 1 0 .3
P rism + 4 .3 + 0 .2 2 .1
Beam + 3 .5 0 1 .8
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I t  was n o t a d v is a b le  to  d e te rm in e  th e  d e n s ity  o f  p rism s by w e ig h in g  in  
a i r  and in  w a te r  p r io r  to  lo a d  t e s t in g  as t h is  m ig h t have in f lu e n c e d  
t h e i r  subsequent b e h a v io u r . S in c e  th e  d i f f e r e n c e  betw een beams and prism s  
is  one o f  le n g th  r a t h e r  th a n  o f  c r o s s -s e c t io n  o r  d ep th  o f  c o m p a c tio n , i t  
was c o n s id e re d  u n l ik e ly  t h a t  s e r io u s  e r r o r  w ould be in tro d u c e d  by 
assum ing t h a t  th e  d e n s ity  o f  p rism s would be s im i la r  to  t h a t  o f  beams.
T h is  was found to  be th e  case f o r  m a te r ia l  A, as may be seen in  T a b le  
1 0 ! ,  and was c o n firm e d  by a com parison o f  th e  w e ig h t o f  beams and o f  
prism s f o r  m a te r ia ls  D, E , B and C.
The v a lu e s  o f  c o e f f i c i e n t  o f  v a r ia t io n  in  T a b le  1 0 !  ap p ear to  be 
s a t is f a c t o r y ,  th e  o n ly  d i r e c t l y  com parable in fo r m a t io n  .(12 ) known to  th e  
a u th o r in d ic a t in g  v a lu e s  fro m  0.45%  to  1.75%  on cubes o f  le a n  c o n c re te  
c o v e r in g  a ran ge  o f  cement c o n te n t .  I t  app ears  t h a t  com pactin g  specim ens  
t o  r e f u s a l  by v ib r a t io n  u n d er p re s s u re  produced specim ens o f  r e p e a ta b le  
d e n s ity  and e s p e c ia l ly  so f o r  m a te r ia l  A. A number o f  c y l in d e r s  o f  
m a te r ia l  A were te s te d  a t  th e  T ra n s p o rt and Road R esearch  L a b o ra to ry  
u s in g  th e  gamma ra y  a p p a ra tu s  b u t no e v id e n c e  o f  s e r io u s  d e n s ity  
g ra d ie n ts  was found in  s p i te  o f  th e  d ep th  o f  th e  c y l i n d r i c a l  specim ens. 
U lt r a - s o n ic  p u ls e  v e lo c i t y  t e s ts  on beam specim ens o f  a l l  m a t e r ia ls ,  
how ever, in d ic a te d  th a t  th e  to p  la y e r s  o f  s o i l-c e m e n t  ( m a t e r ia l  C) 
specim ens w ere m a r g in a l ly  le s s  w e l l  com pacted th a n  w ere th e  b o ttom  
l a y e r s .
In  term s o f  mean v a lu e s ,  each m a t e r ia l  has a c h a r a c t e r i s t ic  d e n s ity ,  
m a te r ia ls  A and D h a v in g  r e l a t i v e l y  h ig h  v a lu e s ,  m a te r ia ls  B and E 
h a v in g  in te r m e d ia te  v a lu e s ,  and m a te r ia l  C h a v in g  th e  lo w e s t v a lu e .
The im p lic a t io n s  o f  th e  in d iv id u a l  d e n s ity  v a lu e s  w i l l  be c o n s id e re d  
in  th e  d is c u s s io n  o f  r e s u l t s  in  r e l a t i o n  to  th e  s tre n g th  and modulus 
v a lu e s  m easured .
For each m a t e r ia l ,  th e r e  is  l i t t l e  d i f f e r e n c e  in  th e  d e n s ity  o f  th e  
th r e e  typ e s  o f  specim en used so t h a t  a subsequent com parison o f  p r o p e r t ie s  
w ould n o t ap p e ar to  be in v a l id a t e d  by c o n s id e r a t io n s  o f  d e n s ity .
A c a r e f u l  e x a m in a tio n  o f  th e  specim ens showed t h a t  m a te r ia ls  A and C 
w ere f r e e  o f  v is u a l ly  d e te c te d  com paction  c ra c k s , m a te r ia ls  B and E 
showed a l im i t e d  amount o f  c r a c k in g , w hereas m a te r ia l  D showed s e v e re  
c ra c k in g  o f  w hich  a p a r t i c u l a r l y  s e r io u s  case is  shown in  P la te  10.1. The 
com paction  c ra c k s  d e te c te d  in  t h i s  in v e s t ig a t io n  may be a s s o c ia te d  w ith
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PlatelO.l Severe compaction cracking in specimens from material D. 
(cylinder not tested in this instance)
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th e  method o f  com paction  used and , s in c e  th e  most pronounced c ra c k in g  
o c c u rre d  w ith  m a te r ia l  D , th e y  may a ls o  be in f lu e n c e d  in  some way when 
g r a v e l /s a n d /c la y  m ixes a re  r e c o n s t i t u te d .  N e v e r th e le s s , some c ra c k in g  
was found w ith  th e  a s - r a is e d  m a te r ia l  ( m a t e r ia l  B) and , in  o th e r  
in v e s t ig a t io n s  a t  th e  U n iv e r s i t y ,  s u r fa c e  Cracks have been o b served  in  
specim ens o f  n a t u r a l  m a t e r ia l  com pacted le s s  in t e n s iv e ly  ( 9 9 ) .  The 
p o s s ib le  in f lu e n c e  o f  th e  com paction  c ra c k s  on th e  m easured p r o p e r t ie s  
is  c o n s id e re d  in  th e  d is c u s s io n  o f  r e s u l t s .
1 0 .2  S t r e s s - s t r a in  r e la t io n s h ip s
The com puter programme f o r  p ro c e s s in g  th e  lo a d -d e fo rm a tio n  m easurem ents  
u n d e rta k e n  in  modulus t e s t s  was p re p a re d  so t h a t  s tr e s s  is  p lo t te d  
a g a in s t  s t r a in  f o r  each LVDT in  o rd e r  t h a t  th e  u n ifo r m ity  o r  o th e rw is e  
o f  s t r a in  d is t r i b u t io n  c o u ld  be ju d g e d . In  a d d i t io n , t h e  fo u r  s t r a in s  
a t  each s tre s s  l e v e l  w ere  ave rag ed  in  o rd e r  t o  g iv e  a r e la t io n s h ip  
from  w hich th e  modulus o f  e l a s t i c i t y  and th e  s t r a in  n e a r f a i l u r e  c o u ld  
be d e te rm in e d .
An exam ple o f  th e  com puter p lo t  f o r  a te n s io n  t e s t  is  shown in  F ig u re s  
1 0 ! a  and 1 0 ! b .  The r e l a t i v e l y  -good agreem ent betw een fa c e s  is  t y p ic a l  
o f  th e  r e s u l t s  o b ta in e d , w ith  an o c c a s io n a l specim en d is p la y in g  
e x c e p t io n a l ly  good agreem ent o r  r a t h e r  le s s  fa v o u r a b le  ag ree m en t. The 
m arked l i n e a r i t y  o f  th e  mean s t r e s s - s t r a i n  r e la t io n s h ip  o b ta in e d  f o r  
a l l  m a te r ia ls  is  i l l u s t r a t e d  in  F ig u re  1 0 .2  and le d  to  th e  d e c is io n  to  
base th e  c a lc u la t io n  o f  th e  s ec an t modulus o f  e l a s t i c i t y  in  t e n s io n '‘on 
s t r a in  a t  50% o f  th e  u l t im a t e  s t r e n g th ,  in  o rd e r  t o  ta k e  f u l l  advan tag e  
o f  th e  d a ta  in  t e s ts  in  w h ich  s t r a in  was m easured w ith  a r e s o lu t io n  o f  
1 ys and in  w hich  f a i l u r e  o c c u rre d  a t  some 50 y s . In  a d d i t io n ,  modulus  
v a lu e s  have been s e p a r a te ly  d e te rm in e d  a t  p re -d e te rm in e d  s tr e s s  l e v e l s .
In  c o n t r a s t ,  u n ifo rm  s t r a in in g  was r a r e l y  a c h ie v e d  in  th e  com pression  
t e s t s  in  s p i te  o f  th e  c a re  ta k e n . The exam ple shown in  F ig u re s  1 0 .3 a  
and 1 0 .3 b , r e l a t i n g  to  a t e s t  on a p r is m , is  re a s o n a b ly  t y p i c a l  o f  th e  
s t r a i n  d is t r i b u t i o n  a c h ie v e d  w ith  many t e s ts  g iv in g  le s s  u n ifo rm  s t r a in s  
b u t an a p p re c ia b le  number g iv in g  more fa v o u r a b le  a g re e m e n t. T h is  p rob lem  
was n o t f u l l y  r e s o lv e d ,  th e  a tte m p ts  in c lu d in g  c o m p a ra tiv e  t e s ts  a t  
a n o th e r  e s ta b lis h m e n t on th e  same le a n  c o n c re te  specim ens in  a m achine  
known to  in d u ce  r e l a t i v e l y  u n ifo rm  s t r a in s  when t e s t in g  c o n v e n t io n a l
- 8 0 -
( a )  S e p a ra te  p lo ts  f o r  each fa c e
(b )  A veraged  p lo t  f o r  specim en
F i g .  1 0 !  E x a m p l e  o f  c o m p u t e r  p l o t  o f  t e n s i l e  s t r e s s - s t r a i n  
r e l a t i o n s h i p
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F i g .  1 0 . 3  E x a m p l e  o f  c o m p u t e r  p l o t  o f  c o m p r e s s i v e  s t r e s s - s t r a i n  
r e l a t i o n s h i p
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c o n c re te . Com parable s t r a i n  d if fe r e n c e s  w ere m easured in  b o th  m achines  
an d , s in c e  r e l a t i v e l y  u n ifo rm  s t r a in s  were c o n s is te n t ly  a c h ie v e d  in  th e  
te n s io n  t e s t s ,  i t  was th o u g h t t h a t  th e  d i f f i c u l t y  in  a c h ie v in g  u n ifo rm  
s t r a in s  in  com pression was an in h e r e n t  m achine e f f e c t  w hich is  
e s p e c ia l ly  c r i t i c a l  in  th e  e a r ly  s ta g es  o f  lo a d in g  m a te r ia ls  o f  low  
s t r e n g th .  T h is  is  a ls o  su p p o rted  by th e  f a c t  t h a t  t e s ts  on an a lu m in iu m  
p ris m ,c a p p e d  w ith  P l a s t i c  Padd ing  in  th e  t e s t in g  m ach in e , a ls o  y ie ld e d  
non u n ifo rm  s t r a in s  as shown in  T a b le  7 .6  a t  lo a d  le v e ls  com parable  
w ith  th o s e  used f o r  cement s t a b i l is e d  m a te r ia ls .  H ow ever, more u n ifo rm  
s t r a in s  w ere  m easured in  o th e r  t e s ts  u s in g  a s t e e l  p ris m  capped in  th e  
m achine w ith  h ig h  a lu m in a  cem ent and lo ad ed  a t  h ig h e r  lo a d s  ( 1 0 0 ) .  More 
com prehensive t e s ts  a re  r e q u ir e d  in  o rd e r  to  r e s o lv e  t h is  d i f f i c u t l y  
and th e y  sh o u ld  in c lu d e  an e x a m in a tio n  o f  th e  c o n t r ib u t io n  o f  th e  c ap p in g  
m a t e r ia l ,  t h is  v ie w  b e in g  s u p p o rte d  by th e  r e s u l t s  o f  a re c e n t  
in v e s t ig a t io n  on c ap p in g  m a te r ia ls  (1 0 1 )  in  w h ich  i t  was found t h a t  
P l a s t i c  Padd ing  v/as n o t s a t is f a c t o r y .  The im p lic a t io n s  o f  non u n ifo rm  
s t r a in in g  in  r e l a t i o n  to  th e  m easured p r o p e r t ie s  is  d iscu ssed  l a t e r  in  
th e  t h e s is .
- g a ­
The r e s u l t s  o b ta in e d  a re  p re s e n te d  and d iscu ssed  below  w ith  re s p e c t  to  
p a r t ic u la r  v a r ia b le s .  S u b s e q u e n tly , th e y  a re  d is cu s se d  as a whole in  
S e c tio n s  12 and 15 o f  th e  th e s is  in  o rd e r  t h a t  p a t te r n s  o f  b e h a v io u r  
may be i d e n t i f i e d .
1 1 !  Main S e r ie s  o f  T e s ts
The programme o f  t e s t s  aim ed a t  d e te rm in in g , f o r  th e  f u l l  ran ge  o f  
m a te r ia ls  exam ined , th e  s tre n g th  in  com pression and in  te n s io n  and 
a ls o  th e  modulus o f  e l a s t i c i t y  in  com press io n , in  te n s io n  and from  
resonance t e s t s .  The r e s u l t s  o b ta in e d  a re  sum marised in  T a b le  1 1 ! ,  
th e  d e t a i le d  r e s u l t s  on w hich th e  summary is  based b e in g  g iv e n  in  
Appendix T ab le s  B1 to  BIO in c lu s iv e .
1 1 ! !  V a r i a b i l i t y  o f  r e s u l t s  '
The r e l a t i v e l y  l im i t e d  number o f  t e s t s  c a r r ie d  o u t a t  any  
p a r t ic u la r  c o n d it io n ,  n e c e s s ita te d  by th e  need a t  t h i s  s ta g e  
to  o b ta in  d a ta  re g a rd in g  v a r io u s  p r o p e r t ie s  f o r  a range  o f  
m a te r ia ls ,  p re c lu d e s  a r ig o ro u s  s t a t i s t i c a l  a n a ly s is  o f  th e  
r e s u l t s .  H ow ever, th e  v a lu e s  o f  s ta n d a rd  d e v ia t io n  in c lu d e d  in  
T ab le  1 1 .1 ,  based on p o p u la t io n s  o f  3 to  1 0 , g iv e  some 
in d ic a t io n  o f  th e  v a r i a b i l i t y  en co u n te red  a lth o u g h  th e  
s t a t i s t i c a l  s ig n i f ic a n c e  o f  th e  v a lu e s  f o r  th e  s m a ll groups is  
v e ry  l im i t e d  and th e  r e s u l t s  a re  d iscu ssed  w ith  t h i s  r e s e r v a t io n .  
A f u r t h e r  l i m i t a t io n  is  t h a t  i t  was no t p o s s ib le  in  th e  case  
o f  specim ens fro m  m a te r ia l  A to  a l lo c a t e  specim ens from  a g iv en  
b a tc h  f o r  t e s t  a t  th e  v a r io u s  a g e s , due t o  d e la y s  en co u n te red  
w ith  th e  s t r a in  m easuring  e q u ip m en t.
For th e  above reaso ns  a lth o u g h  th e  f ig u r e s  based on th e s e  
r e s u l t s  i l l u s t r a t e  th e  p a t te rn s  o f  b e h a v io u r , th e y  a re  drawn  
w ith  b roken  l in e s  in  o rd e r  to  in d ic a te  t h a t  th e  v a r io u s  p o in ts  
a re  based on r e s u l t s  w ith  d i f f e r e n t  s t a t i s t i c a l  w e ig h t.
In  ju d g in g  th e  v a r i a b i l i t y  o f  th e  in d iv id u a l  m a te r ia ls ,  no 
d ir e c t  com parison can be made w ith  m a te r ia l  A s in c e  th e  v a lu e s  
a re  based in  t h is  case on a g r e a te r  number o f  b a tc h e s  and t h i s
ll. PRESENTATION AND DISCUSSION OF RESULTS RELATING TO STRENGTH AND MODULUS
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is  l i k e l y  t o  acco u n t f o r  th e  g r e a te r  v a r i a b i l i t y  o b ta in e d  
w ith  t h i s  m a t e r ia l .
The sam ple s iz e s  f o r  th e  r e s u l t s  o b ta in e d  in  t e s ts  on m a te r ia ls  
D, E and B a re  s im i la r  so t h a t  th e y  may be compared w ith o u t* ’ 
undue r e s e r v a t io n .  In  g e n e r a l ,  i t  app ears  t h a t  th e  v a r i a b i l i t y  
b o th  in  s t r e n g th  and in  modulus is  h ig h e s t  w ith  m a te r ia l  B.
More s p e c i f i c a l l y ,  when com paring m a te r ia ls  B and E w hich  have  
s im i la r  g ra d in g  and w hich b o th  d eve lo ped  o n ly  a l im i t e d  amount 
o f  com paction  c r a c k in g , thfe r e s u l t s  f o r  m a t e r ia l  B a re  more 
v a r ia b le .  T h is  is  a t t r ib u t e d  in  p a r t  to  th e  f a c t  t h a t  m a te r ia l  
B was used w ith o u t  p ro c e s s in g , o th e r  th a n  a i r  d r y in g ,  so t h a t  
sam p ling  c o n s id e r a t io n s  a r is e ,  and in  p a r t  to  th e  v is u a l  
o b s e rv a t io n  th a t  m a t e r ia l  B was more c o h e s iv e  so t h a t  m ix in g  
may have been le s s  u n ifo rm .
In  ju d g in g  th e  v a r i a b i l i t y  o f  th e  v a r io u s  t e s t s ,  th e  r e s u l t s  
f o r  m a te r ia l  A in d ic a t e  a com parable v a r i a b i l i t y  in  th e  
t e n s i l e  and th e  com press ive  s tre n g th  t e s t s  and a com parable  
v a r i a b i l i t y  in  th e  t e n s i le  and th e  com press ive  m o d u li. The 
more l im i t e d  number o f  r e s u l t s  does n o t a l lo w  comment to  be 
made re g a rd in g  th e  o th e r  m a te r ia ls .  I t  app ears  how ever t h a t ,  
in  g e n e ra l*  th e  v a r i a b i l i t y  is  g r e a te r  in  s tre n g th  th a n  in  
m odulus, s u g g e s tin g  t h a t  th e  modulus is  an averag ed  m easure  
o f  th e  resp o n se  o f  th e  m a te r ia l  u n d er t e s t ,  w hereas f a i l u r e  
is  d i r e c t l y  in f lu e n c e d  by th e  p resen ce  o f  lo c a l  f la w s .  T h is  is  
in  c o n tr a s t  w ith  th e  c o n c lu s io n  reach ed  by F e l t  and AbramsC9)who 
re p o r te d  com parable  v a r i a b i l i t y  in  com pressive  s tre n g th  te s ts  
and in  com press ive  modulus t e s ts  on a cement s t a b i l is e d  f in e  
g ra in e d  s o i l .  The most u n ifo rm  r e s u l t s  f o r  modulus a re  o b ta in e d  
in  th e  m a jo r i t y  o f  in s ta n c e s  from  th e  e le c tro -d y n a m ic  t e s t ,  as 
m ig h t perhaps be exp ected  s in c e  i t  is  a s in g le - p o in t  d e te rm in a ­
t io n  w hich is  n o t g r e a t ly  in f lu e n c e d  e i t h e r  by o p e ra to r  
judgem ent o r  by c o n d it io n s  imposed by in h e r e n t  shortcom ings  
in  th e  t e s t in g  f a c i l i t y .  R e s u lts  o f  F e l t  and Abrams ( 9 )  on 
cement s t a b i l is e d  f in e  g ra in e d  s o i l  and r e s u l t s  on c o n c re te  
(1 0 2 )  a re  in  accordan ce  w ith  t h i s  f in d in g .
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T a b le  1 1 .2  W ith in -b a tc h  and o v e r - a l l  v a r ia t io n  o f  E^ f o r  
m a te r ia ls  A and E d e te rm in ed  a t  tw o days
M a t e r ia l  A M a t e r ia l  E
B atch No
E
D
GN/m2
s
GN/m2
c .V  
%
Range
GN/m2
B atch  No e d
GN/m2
s
GN/m2
c .v
%
Range
GN/in2
c i 2 9 . 2 0 . 9 3 6( 5 )
3 . 2 2.1.0 1 2 0 . 0 0 . 2 6 2
( 4 )
1 . 3 0 . 6
C2 2 7 x 1 0 . 4 6 1( 5 )
1 . 7 1 . 2 1 2 2 0 . 3 0 .1 3 4
( 5 )
0 .7 0 .3
C3 3 1 . 3 0 . 4 9 5( 5 )
1 . 6 0 . 78 3 2 1 . 2 0 . 5 8 5
( 5 )
2 . ’7 1 .4
C4 2 6 . 4 0 . 7 0 1( 5 )
2 . 6 1 . 43 4 2 0 . 9 0 . 4 1 8
( 7 )
2 . 0 1 . 2
O v e r - a l l 2 8 . 5 2 . 0 7
( 2 0 )
7 . 3 5 . 88 O v e r - a l l 2 0 , 6 0 . 6 1 0
( 2 1 )
2 ;9 2 . 0
T a b le  1 1 .2  p ro v id e s  d a ta  re g a rd in g  th e  w ith in -b a tc h  and th e  
o v e r - a l l  v a r i a b i l i t y  o f  th e  e le c tro -d y n a m ic  m odulus a t  a t e s t i n g  
age o f  two days f o r  m a te r ia ls  A and E . I t  may be seen t h a t  th e  
w ith in -b a tc h  v a r ia t io n  is  v e ry  lo w , w ith  c o e f f ic ie n t s  o f  
v a r ia t io n  ra n g in g  fro m  0 .3  t o  3 .2  p e r  c e n t .  The o v e r - a l l  
v a r i a b i l i t y  is  a ls o  low  f o r  m a te r ia l  E b u t is  r a t h e r  h ig h  f o r  
m a t e r ia l  A, s u g g e s tin g  e i t h e r  t h a t  a s l i g h t  e r r o r  was made in  
p re p a r in g  th e  s e p a ra te  b a tc h e s  (Cfy to  C^) o f  m a te r ia l  A o r  
t h a t  th e r e  was s u f f i c i e n t  v a r ia t io n  in  c u r in g  c o n d it io n s  to  
in f lu e n c e  th e  e a r ly  r a t e  o f  m a tu r i ty  o f  th e  s e p a ra te  b a tc h e s . 
F u r th e r  d a ta  on th e  w ith in -b a tc h  v a r i a b i l i t y  in  term s  o f  modulus  
o f  th e  o th e r  m a te r ia ls  is  g iv e n  a t  a l a t e r  s ta g e  in  th e  t h e s is .
No d i r e c t l y  com parable  a n a ly s is  o f  v a r i a b i l i t y  r e l a t i n g  to  
m a te r ia ls  o f  t h is  ty p e  has been lo c a te d  in  th e  l i t e r a t u r e .  
H ow ever, com parison w ith  p u b lis h e d  v a lu e s  r e l a t i n g  to  c y l in d e r  
s p l i t t i n g  s t r e n g th  and th e  e le c tro -d y n a m ic  modulus t e s t s  on 
c o n c re te  ( 3 3 )  su g g ests  t h a t  th e  v a r i a b i l i t y  is  n o t u n re a s o n a b le  
■ and e s p e c ia l ly  so in  v ie w  o f  th e  '.nature o f  th e  m a te r ia ls  exam ined  
in  t h i s  in v e s t ig a t io n .  T h is  is  a ls o .s u p p o r te d  by th e  v a r i a b i l i t y  
re p o r te d  fox' cube t e s t s  on le a n  c o n c re te  ( 1 2 ) ,  f o r  c y l in d e r
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com pressive  s tr e n g th  and modulus t e s t s  on cement s t a b i l is e d  
s o i ls  ( 9 )  ( 1 0 ) ,  f o r  modulus o f  e l a s t i c i t y  t e s t s  in  f le x u r e  
( 9 )  ( 1 0 3 )  on cement s t a b i l is e d  s o i l s , f o r  com pressive  and 
t e n s i le  m o d u li t e s t s  on s o i l  cement ( 1 5 )  and f o r  c y l in d e r  
s p l i t t i n g ,  u n i - a x i a l  t e n s i l e ,  f l e x u r a l  and cube t e s t s  on 
c o n c re te  ( 3 6 ) .
1 1 .1 .2  Com pressive S tre n g th
A l l  th r e e  m easures o f  com pressive  s t r e n g th  ( t e s t s  on p r is m s , 
on c y l in d e r s  a n d , le s s  fu n d a m e n ta lly , t e s t s  on e q u iv a le n t  
cubes) p la c e  th e  m a te r ia ls  in  th e  same o rd e r  r e g a rd in g  resp o n se  
t o  cement t r e a tm e n t .  T h is  is  shown in  F ig u re  1 1 !  in  w hich  
v a lu e s  o f  m ix w a te r  c o n te n t , cement c o n te n t and specim en d e n s ity  
a re  a ls o  g iv e n .
M a te r ia ls  A and C approach th e  extrem es o f  cement s t a b i l i s a t i o n  
s in c e  th e y  r e l a t e  r e s p e c t iv e ly  t o  p ro c e s s in g  a g g re g a te  o f  
c o n c re t in g  q u a l i t y  and to  p ro c e s s in g  a f in e  g ra in e d  c o h e s iv e  
s o i l .  The d i f f e r e n c e  in  th e  two m a te r ia ls  is  r e f le c t e d  in  th e  
optimum w a te r  c o n te n t f o r  co m p actio n , in  th e  d e n s ity  a c h ie v e d  
and in  th e  com pressive  s tre n g th  f o r  a g iv e n  cement c o n te n t .
Between th e  two e x tre m e s , how ever, th e  s u c c e s s iv e  re d u c t io n  
in  s tre n g th  o f  m a te r ia ls  D, E and B is  n o t f u l l y  c o n s is te n t  
w ith  e i t h e r  t h e i r  w a te r  re q u ire m e n t o r  th e  d e n s ity  a c h ie v e d .
Thus a lth o u g h  a d d in g  10% .o f b r ic k e a r th  to  th e  c o n c re t in g  
a g g re g a te  ( t o  produce m a te r ia l  'D in s te a d  o f  m a t e r ia l  A) le d  t o  
a c h o ic e  o f  m ix w a te r  c o n te n t w hich  was i d e n t ic a l  to  th a t  
s e le c te d  by e x p e r ie n c e  f o r  m a te r ia l  A, m a t e r ia l  D has a h ig h e r  
d ry  d e n s ity  and a s l i g h t l y  lo w e r s tre n g th  th a n  m a te r ia l  A.
The in c re a s e  in  d e n s ity  is  a t t r ib u t e d  to  th e  p o re  f i l l i n g  
a c t io n  o f  th e  b r ic k e a r th  and th e  re d u c t io n  in  s tre n g th  t o  th e  
e f f e c t  o f  th e  b r ic k e a r th  on th e  bond a t  th e  in t e r f a c e  betw een  
ft*. 'the c o arse  a g g re g a te  and th e  m a tr ix .
The r e l a t i v e  s tre n g th  o f  m a te r ia ls  D and E is  c o n s is te n t  w ith  
th e  d i f f e r e n c e  in  w a te r  re q u ire m e n t, th e  l a t t e r  b e in g  r e f l e c t e d  
a ls o  in  th e  lo w e r d e n s ity  ach ieved  w ith  m a te r ia l  E. H ow ever, 
th e  d i f f e r e n c e  in  th e  s tre n g th  o f  m a te r ia ls  E and B cannot be
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explained in terms either of particle size distribution or of 
water requirement and this is discussed at a later stage in 
the thesis.
Although the number of values does' not allow definite conclusions 
to be drawn, Figure 1 1 !  indicates that the relation between 
the compressive strength and the logarithm of curing period is 
a p p r o x i m a t e l y  l i n e a r  b e t w e e n  7  a n d  1 0 0  d a y s .  W h e n ,  f o r  m a t e r i a l  
A, the values obtained at 2 days are taken into account, there 
is a slight increase in the slope of the relationship but this 
is seen with reservation in view of the limited number of 
specimens tested at the early age. Linear increase of the 
compressive strength with the logarithm of curing period is also 
reported for concrete ( 1 0 4 , 1 0 5 )  and for cement stabilised 
materials (1 0 6  , 1 0 8 ) .
11.1.3 Tensile Strength
Figure 11.2 shows that the order (materials A, D, E, B and, 
at 28 days, C) of the response of the materials to cement 
treatment in terms of compressive strength was also found to 
be the case in tension except for tests at 7 days in which 
material E was slightly stronger than material D. In this • 
instance, however, the coefficient of variation for material D 
is high (see footnote to Table B7)and therefore the result 
is viewed with reservation.
Figure 11.2 also indicates that, as in the case of compressive 
strength, an approximately linear relationship exists between 
tensile strength and curing period between 7 and 100 days.
In the case of material A the rate of gain of strength is 
greater between 2 and 7 days. Both, findings are in accordance 
with data reported by Heilmann et al (38) on the effect of age 
on the uni-axial tensile strength concrete.
Figures 11.3 and 11.4 show the effect of age on the ratio of 
the tensile strength to the prism, cylinder and equivalent cube 
compressive strengths. With the reservations made earlier 
regarding the number of tests and differences in statistical 
weight the following remarks are made:
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a. The ratios ft/fp, ft/fc, ft/feq decrease as the curing 
period increases indicating that as the compressive 
strength increases with age the tensile strength also 
increases but at a decreasing rate. This finding is in 
accordance with data relating the flexural, cylinder 
splitting and uni-axial tensile strength to the compressive 
strength of concrete (36,109).
b. The materials tested cover a wide range of cement stabilised 
soils and the fact that at a given age the ratios do not 
differ very much suggests that their uni-axial tensile 
strength is broadly related to their compressive strength. 
There is an indication5however,that the ratio depends on 
the material processed and this is most apparent in the case 
of ft/feq. Material D develops the lowest ratio values,
and this may be attributed to the bond decreasing action 
of the brickearth and to the extensive compaction cracking 
which occurred with this material. The general conclusion is 
that the strength ratios are affected by the type of 
material processed and this is in agreement with published 
data on conventional concrete according to which the 
relation of the tensile strength to compressive strength is 
influenced by factors such as the type of coarse aggregate, 
the properties of the fine aggregate and the over-all 
grading of the aggregates (110).
Further comment on the relationship between tensile strength 
and compressive strength is made later in the thesis.
11.1.4 Modulus of elasticity in compression
In Figure 11.5 the values of modulus of elasticity determined 
from compression tests on prisms and on cylinders are shown 
plotted against the logarithm of curing period.
Although the results of tests on prism follow an approximately 
linear relationship over the period of 7 to 100 days, this is 
not so evident for the results obtained on cylinders and 
further tests are required to explain this. In this context 
reference should be made to work by Plowman (111) who reported 
that a linear relationship exists between modulus of elasticity 
in compression and maturity for conventional concrete.
-  102 -
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The results show that, as in the case of strength, the modulus 
is a function of the type of material processed. The highest 
values in most instances are obtained with material A and 
these are of the order of magnitude associated with 
conventional concrete, a finding which is in agreement with 
earlier work (12). Material D also develops a high value of 
modulus and is very close to and occasionally higher than 
that of material A. In descending order of magnitude, these 
are followed by material E, material B and, for values obtained 
at 28-days only9material C. It is interesting to observe that 
the sequence A, D, E, B and C is again apparent.
The values of the ratio of the modulus of elasticity in 
uni-axial compression to the corresponding compressive 
strength are given in Table 11.3 and they provide an indication 
of the stress to strength ratio of the materials.
Table 11.3 Ratio of modulus of elasticity to compressive 
strength.
Material Ratio | £  x icf3 fp
- 2 days 7 days 28 days 100 days
A 5,24 3.23 2. 54 . 2 ,1.2
D - 3,12 2.69 2.14
E - 2 .6 8 2.30 2 . 1 0
B - • 2 . 6 8 2.52 2.35
C - - 1 .2 0 -
The results show that there is no unique relationship between 
strength and modulus, this being a function of the type of 
material processed and of the age at test.
Reverting to Table 11.1 and to Figure 11.5, it is clear that 
the modulus values determined on prisms are consistently 
higher than the values on cylinders and this finding is 
re-4examined later in the thesis.
-  104 -
The values given in Table 1 1 !  show that the modulus in tension 
is of the same order of magnitude as in compression, a finding 
which is discussed in detail at a later stage in the thesis. 
Figure 11.6 shows the modulus values plotted against the curing 
period and it is noted that material D, as in the case of 
compression tests, developed very high values which were 
slightly higher than the values of material A at 7 and 28 days.
The increase in value with age at test, as in the case of the 
modulus in compression, is more rapid between 7 and 28 days than 
between 28 and 100 days. In the case of material A, for which 
modulus values were also determined at 2 days, the increase is 
even more rapid at early ages.
Table 11.4 expresses the ratio of the modulus at various ages 
to.the 28 day value. In the same table the results reported by 
Heilman et al (38) for concrete are included for comparison and 
it is clear that there is good agreement regarding the rate of 
increase of the modulus of concrete and of the modulus of cement 
stabilised granular materials (as no results are available for 
material C).
Table 11.4 Values of the ratios E/Eoc
Z O
1 1 .1 .5  Modulus o f  e l a s t i c i t y  in  t e n s io n
Age
(days)
Results of the present investigation 
MATERIAL
Age 
(days)
Results
on
Concrete (38)A D E B
2 0.574 - - 3 0.68 + 0.03
7 0.882 0.924 .0 .8 88 0.846 7. 0.83 + 0.06
28 1 .0 0 0 1 .0 0 0 1 .0 0 0 1 .0 0 0 28 1 . 0 0 0
100 1.167 1.036 1.076 1.026 90 1.16 + 0.03
A basis for judging the relative crack susceptibility of the 
materials tested is provided by Table 11.5 which gives the ratio 
of the modulus of elasticity in tension to the corresponding 
uni-axial tensile strength.
-  1 0 5  -
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Table 11.5 Ratio of modulus of elasticity to tensile 
strength.
Age 
(days)
X 10 4
ft
MATERIAL
A D . E. B C
2 4.08 - - - -
7 2.62 3 .97 2.40 2 . 6 6 -
28 2 .43 3 .05 2.30 2 ,78 1.05
100 2.51 2 . 6 6 2.25 2.25 -
- 4The value of 4.08 X 10 for material A at two days is obtained
2from a modulus of 20 GN/m (which is 57.5% of the 28 day value)
2• . and a strength 0.49 MN/m (which is 34% of the 28 day value). 
This draws attention to the more rapid build up of modulus 
compared with strength and explains the susceptibility of 
materials of this type to early cracking due to restrained 
dimensional changes. It is also clear that, as in the case of 
compression tests, there is no unique relationship between, 
strength and modulus.
11.1,6 Modulus of elasticity determined electro-dynamically
Values for the electro-dynamic modulus of elasticity are 
included in Table 11.1 and are supplemented by the 2 day 
determinations presented ih Table 11.6. It should be noted that 
whilst the moisture condition at the time of test of specimens 
of material A was different from that of the other materials, 
this was not so at two days because all specimens were tested 
immediately after demoulding.
As shown in Figure' 11.7, the pattern of behaviour of the 
results is similar to that established from loading tests, 
with the modulus value decreasing in the order of materials 
A , D , E , B, and C .
The slightly higher value at two days of the modulus of 
material D, compared with that of material A, could be
-  1 0 7  -
attributed to the higher density of specimens of material D. •
In discussing differences of this order5however, it must be 
appreciated that the early age properties are greatly influenced 
by the temperature and humidity conditions during the curing 
period and as the various specimens were cured at different 
dates, it is probable that small differences in the temperature 
and humidity conditions of the curing room could also have 
influenced the results. The finding that the modulus of material 
A at 7 and 28 days is significantly greater than that of 
material D could partly be attributed to curing due to the 
increase in specimen density as water is absorbed.
The increase in electro-dynamic modulus is very rapid between 
2 and 7 days, more gradual between 7 and 28 days and relatively 
small between 28 and 100 days. This finding confirms the 
observations made as regards the effect of age on static 
modulus and is in accordance with published data for 
conventional concrete ( 112) .' The implications, in terms of 
crack susceptibility, of high values of modulus measured at 
early ages are discussed elsewhere in the thesis.
Table 11.6 Electro-dynamic modulus at two days (Cement 5.55%)
Material A D E B C
e d GN/m2 28.5 31.6 2 0 ,6 16.9 4.4
S GN/m2
A
0.675*'
(4)
0.299
(4)
0.388*'
(4)
0.683
(4)
0.179
(5)
c.v 0,0 2.4 0.9 . 1.9 4.0 4 !
E , s, c.v, are respectively, the within-batch mean, standard 
deviation, and coefficient of variation.
* Average within-batch standard deviation computed from:
n = number of batches
a =\ j  where
i n standard deviation of batch u
-  108 -
Mixes were prepared at a cement content of 7.5% in order to extend the 
data obtained in the main series of tests so as to cover the range of 
.cement bound granular materials used in practice and at 10% to cover 
fine grained soil-cement, it being considered that the cement content 
of 5.55% selected for the main series of tests was rather more relevant 
to lean concrete. The age at test for strength and for static modulus 
was limited to 28 days and for the electro-dynamic modulus to 2 and 
28 days. Compression tests on cylinders were omitted but the range of 
materials was extended by carrying out tests on a semi wet lean 
conrete, defined in this instance as a material in which the water 
content was increased in order- to produce a workability intermediate 
between the values for compaction by rolling and laying by slip form 
paver.
Some of the beams prepared in this series were set aside for flexural 
testing and are dealt with in Section 11.3 of the thesis.
The results obtained are summarised in Table 11.7 and are based on the 
detailed values given in Appendix Table Bll.
Compared with the main series of tests, the variability in results 
is lower because t-he values relate to single batches and are therefore 
a measure of within-batch variability, whereas the values of 
coefficient of variation for the main series of tests relate to between 
batch variability. Exceptionally high variability however, was 
encountered in the tests on mixes of material D at a cement content of 
10% and this is attributed to the difficulty experienced in'compacting 
this particular mix due to its very low workability.
The results are also presented graphically in Figure 11.8 and 11.9 in
terms of the response of the measured property to the increase of 
cement content. In order to provide a link with the results of the main 
series of tests?the values for 5.55 per cent cement were also included 
although these values are not directly comparable due to difference
in statistical weight mentioned above.
In general, the strength and modulus results place the materials in 
the order established in the main series of tests regarding response 
to cement treatment. The exception to this finding is the interchange 
of materials D and E in terms of strength in tension and in uni-axial
11 .2  T e s t s e r i e s  in  w hich th e  cem ent c o n te n t  was v a r ie d
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compression, the difference being relatively slight and influenced 
for material D by the very-high variability of the tension test 
results and the fact that the prism strength is based in this instance 
on only two tests. It is also noted that, in general, materials D and 
B  follow a similar pattera of behaviour regarding response to increased 
cement content. The rate of increase of strength and of modulus is 
lower for materials D and B than for materials E and A and this could 
be attributed to difficulties experienced in compaction at a relatively 
high cement content without a corresponding increase in the mix water 
content.
Although a cement content of 10% for material A is higher than the 
value currently used in practice for lean concrete (maximum aggregate/ 
cement ratio of 15:1, corresponding to a cement content of 6.7%), it is
interesting to note that this mix has an electro-dynamic modulus of
2  247.9 GN/m and an equivalent cube strength of 52.25 MN/m . This finding
is in reasonable agreement with early work by Williams (12) in which
cement content was the principal variable and emphasises the potentially
concrete-like nature of the material produced by stabilising aggregate
of concreting quality.
The effect of increasing the mix water content at a constant cement 
content of 5.55% in the case of material A to produce a semi-wet lean 
concrete is to reduce both strength and modulus. Compared with material 
at a water content to suit field compaction by rolling, the strength is 
reduced proportionately rather more than the modulus and thereby 
suggests a slightly increased crack susceptibility. Further work, 
including measurement of shrinkage, is necessary in order to examine 
this observation, and especially so on fully modified wet lean concrete 
mixes suitable for laying by slip form paver.
The values obtained in this series of tests for the electro-dynamic 
modulus at 2 days are given in Table 11.8 and the values obtained in 
the main series of tests at a cement content of 5.55% are also included. 
The standard deviation of the results for material C at 10% cement is 
the average within-batch value computed from Table 17 of Appendix B.
The results confirm the finding in the main series of tests that the 
variability of the electro-dynamic modulus determination is very low 
in comparison with that of the other tests undertaken. The higher
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variability encountered with materials B and C is likely to be due in 
part to the fact that they were more cohesive than the reconstituted 
materials so that mixing could have been less effective, and in part 
to the fact that both materials were used without processing other 
than air drying.
The principal finding from this part of the investigation is that all 
the materials developed at an early age a substantial proportion of 
their ultimate modulus, as shown by the comparison of the 2-day and 
28-day values in Table 11.9. This is clearly'an important factor which 
will influence the early crack susceptibility of bases constructed 
with cement stabilised materials. Tensile strength at early ages is 
another critical factor in assessing crack susceptibility but the 
friction grip system, because of its weight, was not suitable for 
testing materials of low strength and further work is necessary with a 
more suitable testing system.
11.3 Tests series to measure flexural strength
Flexural tests were not included in the main programme but, since the 
test is semi-simulative of the loading regime imposed in practice, some 
provision was made in the investigation for tests of this type.
Mixes were produced of materials A, D, E and B at a cement content of
5,55% for test at 7 days and at 28 days, and of material C at a cement
content of 10% for test at 28 days. In addition, specimens had been 
produced in the test series referred to in Section 11.2 of the thesis 
at cement contents of 7.5% and 10% for test at 28 days. Tests on semi 
wet lean concrete were also undertaken at 28 days.
The results of the strength and the modulus tests are given in Table
11.10 and are plotted in Figure 11.10. For all three cement contents 
and at both ages of test, the results confirm the pattern detected in 
the main programme by placing the materials in the order A, D, E, B 
and, when tests were undertaken, C.
It is clear that the materials with high flexural strength also have
high modulus values and will thus generate high tensile stress in 
service. The pavement design implications of this are considered in 
Table 11.11 where values of the ratio of modulus to strength are
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calculated. In particular, the ratios emphasise the limitations of 
specifying cement stabilised materials in terms of strength only. This 
aspect appears to justify careful consideration and especially so 
regarding the possible merit of specifying a higher level of strength 
in practice with materials which develop a high modulus. The existing 
strength level for lean concrete (1 2) has evolved from considerations 
of the spacing of cracks resulting from restrained movement and it is 
suggested that this could be controlled by other means such as, for 
example, the use of crack inducers located on the sub-base.
Table 11.11 Ratio of electro-dynamic modulus to flexural strength.
Ratio
Material Cement Age at B  X lo"3 fbcontent, % test:days
5.55 7 18.6
A 5.55 28 15.47.50 28 12,4
1 0 . 0 0 28 11.8
5,55 7 25.9
D 5.55 ' 28 2 1 . 17.50 28 16.5
1 0 . 0 0 28 14.9
5.55 7 20.4
p 5. 55 28 18.6
Z j 7.50 28 15.2
1 0 .0 0 28 13.8
5.55 7 2 2 . 6
B 5. 55 28 19.77.50 28 2 0 . 6
1 0 . 0 0 28 15.8
C 1 0 .0 0 28 8.7
Semi-wet
lean 5. 55 28 19..6
The electro-dynamic modulus at two days was also determined during this 
series of tests and the values are given in Table 18 of Appendix B, 
These, together with the 7 and 28 day values given in Table 11.10, 
confirm the conclusions reached earlier in the thesis, regarding the 
development of high modulus values at early ages.
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S i n c e  t h e  s p e c i m e n s  o f  m a t e r i a l  A h a d  b e e n  c u r e d  i n  w a t e r  a n d  n o t  i n
p o l y e t h e l e n e  b a g s  a s  w a s  t h e  c a s e  f o r  t h e  o t h e r  m a t e r i a l s ,  t e s t s  w e r e  
c a r r i e d  o u t  t o  e x a m i n e  t h e  e f f e c t  o n  t h e  m e a s u r e d  p r o p e r t i e s  o f  
d i f f e r e n c e s  i n  t h e  a v a i l a b i l i t y  o f  w a t e r  f o r  h y d r a t i o n  a n d , p e r h a p s  m o r e  
c r i t i c a l l y ,  b n  t h e  s t a t e  o f  h u m i d i t y  o f  s p e c i m e n s  a t  t h e  t i m e  o f  t e s t .  
T e s t s  w e r e  t h e r e f o r e  c a r r i e d  o u t  o n  l e a n  c o n c r e t e  s p e c i m e n s  c u r e d  i n  
p o l y e t h e l e n e  b a g s  b u t ,  s i n c e  i n f o r m a t i o n  w a s  r e q u i r e d  r e g a r d i n g  t h e  
e f f e c t  o n  v a r i o u s  p r o p e r t i e s ,  t h e  n u m b e r  o f  s p e c i m e n s  a t  e a c h  c o n d i t i o n  
w a s  l i m i t e d  a n d ,  i n  c o n s e q u e n c e ,  t h e  s c a t t e r  i n  r e s u l t s  d o e s  n o t  a l l o w  
d e f i n i t e  c o n c l u s i o n s  t o  b e  d r a w n  u s i n g  s t a t i s t i c a l  m e t h o d s .
T h e  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e s  1 1 . 1 1  a n d  1 1 . 1 2 , t h e  v a l u e s  o n
w h i c h  t h e s e  a r e  b a s e d  b e i n g  g i v e n  i n  A p p e n d i x  T a b l e  B  1 4 ,  a n d  r e l a t e
i n  e a c h  c a s e  t o  t e s t s  o n  a  g r o u p  o f  e i t h e r  t h r e e  o r  f o u r  s p e c i m e n s .
T h e  r e s u l t s  s u g g e s t  t h a t  c u r i n g  i n  p o l y e t h e l e n e  b a g s  c a u s e d  s l i g h t l y  
h i g h e r  s t r e n g t h s  t o  b e  m e a s u r e d  b u t  t h e  m o d u l u s  v a l u e s  e i t h e r  r e m a i n e d  
u n c h a n g e d  o r  w e r e  m a r g i n a l l y  r e d u c e d .  T h e  " t "  t e s t  a p p l i e d  t o  a l l  
c a s e s  o f  t e s t s  a t  2 8  d a y s  t o  e x a m i n e  t h e  m e a n  d i f f e r e n c e  b e t w e e n  p a i r s  
o f  o b s e r v a t i o n s  s h o w e d  a  s i g n i f i c a n t  d i f f e r e n c e  o n l y  i n  t h e  c a s e  o f  
t h e  p r i s m  c o m p r e s s i v e  s t r e n g t h .
T h e  i n f l u e n c e  o f  t h e  s t a t e  o f  h u m i d i t y  o n  t h e  s t r e n g t h  o f  c o n v e n t i o n a l  
c o n c r e t e  a n d  l e a n  c o n c r e t e  h a s  b e e n  d i s c u s s e d  i n  s o m e  d e t a i l  i n  S e c t i o n
5 . 3  o f  t h e  t h e s i s .  T h e  p o l y e t h e l e n e  c u r e d  s p e c i m e n s  w e r e  a t  a  m o i s t u r e  
c o n d i t i o n  w h i c h  d i d  n o t  h i n d e r  t h e  c e m e n t  h y d r a t i o n  s i n c e  t h e  w a t e r /  
c e m e n t  r a t i o  w a s  1 !  a n d  s h r i n k a g e  c r a c k i n g  w o u l d  b e  u n l i k e l y .  T h e  
s l i g h t l y  h i g h e r  s t r e n g t h  v a l u e s  a r e  t h e r e f o r e  a t t r i b u t e d  t o  t e n s i l e  
f o r c e s  o f  t h e  v a n  d e r  W a a l s  t y p e ,  w h i c h  w e r e  a p p a r e n t l y  n o t  
s u f f i c i e n t l y  h i g h  t o  i n d u c e  a  s i g n i f i c a n t  d i f f e r e n c e  i n  s t r e n g t h .
T h e  o v e r a l l  c o n c l u s i o n  f r o m  t h i s  p a r t  o f  t h e  i n v e s t i g a t i o n  i s  t h a t  
a n y  d i f f e r e n c e  a t t r i b u t a b l e  t o  c u r i n g  s p e c i m e n s  o f  m a t e r i a l  A i n  w a t e r  
a r e  s u f f i c i e n t l y  s m a l l  t o  a l l o w  d i r e c t  c o m p a r i s o n  o f  t h e  s t r e n g t h  a n d  
e l a s t i c  p r o p e r t i e s  w i t h  t h o s e  o f  t h e  m a t e r i a l s  c u r e d  i n  p o l y e t h e l e n e .  
b a g s .
1 1 .4  T e s t s e r i e s  to  exam ine th e  e f f e c t  o f  c u r in g  c o n d i t io n s
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M o d u l u s  o f  e l a s t i c i t y  o f  s p e c i m e n s  c u r e d  i n  v / a t e r
F i g .  1 1 . 1 2  I n f l u e n c e  o f  c u r i n g  c o n d i t i o n s  o n  
. t h e  m o d u l u s  o f  m a t e r i a l  A
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A limited investigation was undertaken on partially compacted specimens 
in order to obtain data at the density level in a highway pavement.
This comparison was restricted to 28 day tests on specimens of 
materials A and E.
A simple method of compacting the specimens was adopted since this 
investigation was regarded as preliminary. From the known density of 
specimens compacted to refusal, the necessary weight of material to 
produce 97% of that density was calculated and then compacted flush 
with the top of the mould, in two layers, using the frame mounted 
vibrating hammer but with the weight of 47 kg removed. The top layer 
of the prism specimens was compacted using a metal foot 101.6X254.0 mm 
and a collar was attached on to the top of the mould so that compaction 
was stopped when the underside of the foot reached to the top of the 
mould. With this method, the density of the specimens could be estimated 
from the nominal volume of the mould. The top layer of the beam 
specimens was compacted using the same(as above)large metal foot.
Extreme care was taken to obtain a level surface parallel to the base 
of-the mould but this was not always achieved and it was sometimes 
necessary to slightly scarify the surface or to add additional material 
in order to produce a sealed surface. The material forming the lower 
layer was half of the necessary quantity but compaction was stopped 
when the level was approximately 1-2 mm high in order to allow for 
further compaction during the compaction of the top layer. Nevertheless, 
visual examination of specimens suggested that the lower layer was 
better compacted and the possibility of a density difference between 
the upper and lower layers cannot be excluded. No measurements were 
made to establish this and the results are therefore discussed with 
this reservation. However, a comparison in the tension tests of the 
strains at the top and bottom faces of the specimens did not show 
any consistent difference and it is therefore believed that any 
differences which existed were not of sufficient magnitude to affect 
the'strains and consequently the modulus values,
Two batches for each material were prepared. In each batch provision 
was made to compact one beam to refusal In order to obtain comparative 
data with the results of the main series of tests. Before undertaking
11 .5  T e s t s e r i e s  to  exam ine th e  e f f e c t  o f  d e n s i ty
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this part of the work, some preliminary specimens of material A were 
made in order to obtain experience and to examine the effectiveness of 
the method of compaction.
The results,given in detail in Table 15 of Appendix B, show that the 
method of compaction produced specimens of material A at a slightly 
higher density than was intended, probably due to slight overcompaction 
in attempting to produce a level top surface which was sometimes 
accompanied by the addition of fine material as already mentioned. 
Nevertheless,exceptfofr two prisms, the degree of compaction achieved 
ranges from 97.5 to 98.0 per cent of the refusal density and this is 
considered satisfactory in view of the simple method used. On the 
contrary, the method failed to produce specimens with a consistent 
degree of compaction with the first batch of material E, but it was 
successful with the second batch. This is attributed to operator 
experience as material E behaved differently from material A.
The over-all conclusion is that the method adopted enabled acceptable 
specimens to be produced in the preliminary investigation but that 
further development is required and especially so if specimens of even 
lower density are to be produced. The use of a foot, covering the full 
plan area of prismatic specimens, in conjuction with the use of a range 
of vibrating hammers with a collar on the top of the mould to determine 
the end point of compaction, merits consideration. Compaction of 
specimens in one layer would eliminate many problems but the creation 
of density gradients must then be investigated. Another possibility is 
to use external vibration combined with pressure applied at the top of 
the material to be compacted^ method which is being used successfully in 
France (77).
The results obtained in the strength and modulus tests on material A 
are summarised in Table 11.12 below, with the assumption that small 
differences in the degree of compaction (between 97.5% and 98%) can be 
ignored in order to draw broad conclusions of the effect of density.
It can be seen that both strength and modulus decrease with decrease 
in density as would be expected.
-  1 2 3  -
Table 11.12 Analysis of effect of partial compaction on strength 
and modulus. Mate-rLc! A
Degree of compaction 2Strength, MN/m 2Modulus, GN/m
ft fP feq Et EP e d
a. Refusal 1.43 13.55 21.57 34.8 34.4 4 C .
b. 97,5% of refusal 1.09 1 0 .0 2 14.02 28.0 29.9 35.3
r-, . . aRatio r- b
0.76 0.74 0.65 0.81 0.87 0.87
Average value for ^ 0.72 0.85
In the case of material E, the results are presented graphically in 
Figures 11.13 and 11.14 rather than in tabular form because different 
degrees of compaction were achieved in the various specimens produced.
It can be seen from Figure 11.13 that a curved relation is obtained 
between strength and density, the slope of which increases as the 
density increases. Figure 11.14 suggests a similar relation between 
modulus and density.
For both materials the results obtained regarding the effect of density 
on strength are in accord with published work. Thus, Williams (16) 
reported that the cube strength and density of lean concrete are related 
according to an exponential equation of the form:
. S = K Dn
where S = strength D - density K = constant n = dimensionless 
constant.
Sherwood (20) and Maclean et al (113) refer to a work by Grimer 
involving tests on various cement stabilised materials which also
gave.
follow an exponential form and values of the constant "n" for various 
materials, over a range of values of cement content and of moisture 
content. Similar results are also reported by Hveem and Zube (114), 
Springenschmid (115) and Ingles et al (116).
The modulus of elasticity of concrete is related to density and probably 
less fundamentally to its strength (117). The dependence of the modulus
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Fig 11.13 Effect of the degree of compaction on the
strength of material E
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on density is also reported for cement mortar and for various types 
of rocks (118). It was not possible, however, to locate in the 
literature any information relating the modulus of elasticity and 
density of cement stabilised materials.
The primary observation from the results obtained is that a 2.5% 
shortfall in the density of specimens of material A reduces strength 
by 28% whilst modulus is reduced by only 15%. (see Table 11.12). The 
corresponding average values for material E estimated from Figures 
11.13 and 11.14 are 35% for strength and 23% for modulus. This 
difference between strength reduction and modulus reduction may be 
explained by regarding the material as aggregate particles in a cement 
matrix, so that although the strength of the composite material is 
greatly dependent on the strength of the matrix, the modulus is less 
affected since the volume fraction of the high modulus aggregate remains 
relatively high even in a partially compacted specimen. A more detailed 
investigation of the effect of density on strength and on modulus is 
strongly recommended in view of the implications in practice since, if 
low densities are achieved on a particular site, the relatively high 
modulus of the resulting material will cause high tensile stresses to 
be induced and these must be judged against the low strength achieved.
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12.1 Comparison of the modulus in tension and in compression
The stress-strain relationships showing the highest and the lowest 
strain at a given stress are plotted for material A in Figures 12.1 
and 12.2 for tests at 28 days and 100 days respectively.
The envelopes drawn in Figure 12.1 show that the curves for tension"' 
tests lie within those for compression tests on prisms whereas in ! 
Figure 12.2 some tension curves lie above the compression curves.
However, it is concluded that the stress-strain behaviour in tension 
and in compression is similar, within the limits of- experimental error, 
for the greater part of the range covered by the tension test.
It is apparent from Figure 12.1 and 12.2 that, so far as compression is 
concerned, the envelopes to tests on cylinders overlap with and sometimes 
lie below those obtained on prisms.
In Figure 12.3a, values of modulus of elasticity in tension are plotted 
against the corresponding values determined in compression on prisms, 
the values being secant moduli at one half and one third of the strength 
in tension and in compression respectively. A line of equality has been 
drawn on the figure and it may be seen that the modulus in tension is 
effectively equal to the modulus in compression for the full range 
of materials examined.
In comparing the modulus in tension to the modulus in compression it is 
important to choose a stress level at which the material is in the same 
condition for the two tests. Therefore, although the relationship 
plotted in Figure 12.3a is based on proportions of the ultimate load 
which are believed to allow comparison to be made, this is supplemented 
by data shown in Figure 12.3b and by data given in Table 12.1. In Figure
12.3b the comparison of the moduli is made at equal stress levels,
2  2  which were 0.5 MN/m for materials A, B, D, E and 0.2 MN/m for
material C. The line of equality superimposed on Figure 12.3b allows
the conclusion to be drawn in this instance also that the moduli in
tension and in compression are essentially equal. Comparing the two
relationships, there is a suggestion in Figure 12,3a that is
marginally greater that E^ whereas the reverse is the' case in Figure
12 . 3b.
12. OVERALL DISCUSSION OF STRENGTH AND MODULUS RESULTS
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M O D U L U S  O F  E L A S T I C I T Y  I N  C O M P R E S S I O N  E p  G N /m 2 
( s e c a n t  m o d u l u s  a t  y 3  f p  )
M O D U L U S  O F  E L A S T I C I T Y  IN C O M P R E S S I O N  Ep GN/  2
F i g . 1 2 . 3  M o d u l u s  v a l u e s  i n  t e n s i o n  a n d  i n  c o m p r e s s i o n  
f o r  a l l  t h e  m a t e r i a l s  t e s t e d
-  1 3 1  -
T A B L E  1 2 . 1  M o d u l u s  v a l u e s  a t  v a r i o u s  s t r e n g t h  l e v e l s .
f t
<
M
B a t c h - T E N S 5 I 0 N  E t C O M P R E S S I O N  E p
f t
f t
E~*
N o f
E 0 . 2 E 0 . 5
p
f / 2
f
I E 0 . 2
E „  r  
0 . 5 E f / 3
E  . 
f / 2
s i M N / m 2 G N / m 2 G N / m 2 G N / m 2 M N / m 2 G N / m 2 G N / m 2 G N / m 2 G N / r r ?
M 1 1
4 1 . 0 3 8 . 0 3 7 . 0 - - - -
3 5 . 9  . 3 5 . 5 3 5 . 0 - - _
M 1 2 2 9 . 9 2 9 . 0 2 9 . 0 3 1 . 0 3 2 . 0 3 2 . 5 3 1 . 7
M 1 3 - - - 3 9 . 0 3 9 . 0 3 1 .  5 3 0 . 5
M 1 4 3 8 . 0 3 8 . 0 3 7 . 5 4 3 . 0 3 . 9 . 0 3 6 . 5 3 5 . 2
A
M 1 5 A v g 3 7  . 5 3 7 . 0 3 5 . 5 3 3 . 5 3 3 . 5 3 2 . 5 2 9 . 7
C  1 1 . 4 1 4 0 . 5 3 7 . 0 3 5 . 5 1 3 . 5 8 4 1 . 0 3 8 . 0 3 4 . 0 3 2 . 7
C  2 3 6 . 5 3 4 . 5 3 3 . 5 4 1 . 0 3 8 . 5 3 4 . 5 3 3 . 0
C  3 3 7 . 8 3 7 . 0 3 5 . 5 4 2 . 0 4 1 . 0 3 7 . 2 3 5  . 8
C  4 3 8 . 7 4 0 . 0 3 8 . 0 4 2 . 5 * 4 2 . 5 * 3 6 . 5 3 4 . 0
L D 3 4 . 8 3 4 . 0 3 3 . 0 - - - —
C A
- - - 3 8 . 0 3 7 . 0 3 3 . 3 3 2 . 9
- - - 4 2 . 0 3 5 . 0 3 5  . 2 3 3  . 0
E G N / m 2 3 7 . 0 3 6 . 0 3 5 . 0 E 3 9 . 3 3 7 . 5 3 4 , 4 3 2  . T
c . v % 8 . 5 8 . 4 7 . 5 1 0 . 3 8 . 7 5 . 7 5 . 8
R a n g e G N / m 2 1 1 . 1 1 1 . 0 9 . 0 1 2 . 0 1 0 .  5 5 . 7 6 . 1
e * * - l o "  5 5 . 4 1 3 . 9 2 0 . 4 z  * * 5 . 1 1 3 . 3 1 3 . 1 2 0 . 7
1 3 5 . 6 3 5 . 5 3 5 . 5 4 1 . 5 * 3 5 . 0 3 2 . 5 3 0 . 6
2 1 . 1 7 3 7 . 8 3 3 . 5 3 4 . 0 1 2 . 4 3 3 1 . 0 3 1 . 0 3 1 . 0 2 9 , 9
..... 3 3 6 . 0 3 8 . 0 3 7 . 5 3 9 . 7 3 9 . 5 3 7  . 0 3 4 .  5
D E G N / m 2 3 6 . 5 3 5 . 7 3 5 . 7 E 3 7 . 4 3 5 . 2 3 3 . 5 3 1 . 7
c . v % 3 . 2 6 . 3 4 . 9 c  V 1 5 . 0 1 2 . 0 9 . 3 7 . 8
R a n g e G N / m 2 2 . 2 4 . 5 3 . 5 1 0 . 5 8 . 5 6 . 0 4 . 6
1 0 “  b 5 . 5 1 4 . 0 1 6 . 4 —e 5 . 4 1 4 . 2 1 2 3 . 7 1 9 . 6
1 2 2 . 1 2 2 . 0 2 2 . 0 2 5 . 1 2 8 . 0 2 2 . 5 1 9 . 8
2 2 7 . 0 2 5 . 5 2 5 . 5 3 0 . 0 2 7 . 5 2 5 . 0 2 3 . 1 '
3 1 . 0 9 2 7 . 5 2 6 . 0 2 6 . 0 1 0 . 6 3 0 . 0 2 9 . 5 2 5 . 5 2 4 . 0
L D  1 2 9 . 0 2 7 . 0 2 7 . 0 •1®
E L D  2. 2 5 . 0 2 4 . 5 2 4 . 5 — ^  *
E G N / m 2 2 6 . 3 2 5 . 0 2 5 . 0 E 2 8 . 4 2 8 . 3 2 4 , 3 2 2 . 3
c . v % 8 . 7 7 . 6 7 . 6 c  V 1 0 . 0 4 . 0 6 . 6 1 2 . 0
R a n g e G N / m 2 6 . 9 5 . 0 5 . 0 . 4 . 9 2 . 0 3 . 0 4 . 2
E * * 1 0 ~ 6 7 . 6 2 0 . 0 2 0 . 6
^  J.- J f
G' ' 7 . 0 1 7 . 7 1 4 5 . 4 2 3 . 8
1 2 1 . 1 2 0 . 5 1 9 . 0 1 9 . 0 1 6 . 0 1 5 . 1
2 0 . 7 0 2 0 . 5 1 9 . 0 1 9 . 5 6 . 9 4 2 0 . 0 2 0 . 0 1 6 . 5 1 5 . 8
B
3 1 9 . 9 1 8 . 5 1 8 . 5 2 7 . 0 * 2 6 . 0 2 0 . 0 1 8 . 7
. . . . . J L , . G N / m 2 2 0 . 5 1 9 . 0 1 9 . 5 E 2 2  . 0 2 1 . 7 1 7 . 5 1 6 . 5
c  V 2 . 9 - 5 . 1 c  V 1 9 . 8 1 7 . 4 1 2 . 4 1 1 . 5
R a n g e 1 . 2 - 2 . 0 8 . 0 7 . 0 4 . 0 3 . 6
£ * * 1 0 ‘ 6 9 . 8 2 6 . 3 1 7 . 9 9 . 5 2 3 . 0 1 3 2 . 2 2 1 . 0
E o . i E 0 . 2 E f / 2
•C
* " 0 . 1 E 0 . 2  . E f / 3 E f / 2
, 4 . 7 4 . 2 4 . 2 5 . 2 4 . 7 . 3 . 6 3 . 2
0 . 3 8 5
3 . 6
4 . 6
3 . 3
4 . 3
3 . 4
4 . 4 2 . 8 2
4 . 2
3 . 9
4 . 0
3 . 6
. 3 . 4  
3 . 1
2 . 9
2 . 9
c ,r.._ , . 4 . 3 4 . 0 3 . 9 - -
E G N / m 2 4 . 3 3 . 9 4 . 0 E 4 . 4 4 . 1 3 . 4 3 . 1
c  V 1 1 . 5 1 1 . 4 1 0 . 9 c  V 1 5 . 5 1 3 , 6 7 . 5
R a n g e 1 . 1 1 . 0 0 . 8 1 . 3 1 . 1 ' 0 . 5
1 O '6 2 3 . 2 5 0 . 6 4 8 . 1 2 2 . 7 4 8 . 8 2 7 6 . 5 4 6 . 0
*  S u s p e c t  v a l u e s  w h i c h  w e r e  s l i g h t l y  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  o f  E D
* *  i  s  A v e r a g e  s t r a i n  a t :  t h e  s t r e s s  l e v e l  o f  E
-  1 3 2  -
S i n c e  s o m e  o f  t h e  v a l u e s  p l o t t e d  i n  F i g u r e  1 2 . 3 b  r e l a t e  t o  s t r e s s
l e v e l s  w h i c h  w e r e  h i g h e r  t h a n  5 0  p e r  c e n t  o f  t h e  u l t i m a t e  l o a d  i n
t e n s i o n ,  a d d i t i o n a l  2 8  d a y s  m o d u l u s  v a l u e s  h a v e ,  b e e n  d e t e r m i n e d  f r o m
2
t h e  m a i n  s e r i e s  o f  t e s t s  a t  a  s t r e s s  l e v e l  o f  0 . 2  M N / m  f o r  m a t e r i a l s
2
A ,  D ,  E ,  B  a n d  0 . 1  M N / m  f o r  m a t e r i a l  C  a n d  t h e s e  a r e  g i v e n  i n  T a b l e  
1 2 . 1 .  I t  c a n  b e  s e e n  t h a t ,  a s  i n  t h e  c a s e  o f  F i g u r e  1 2 . 3 b ,  t h e  m o d u l u s  
v a l u e s  i n  c o m p r e s s i o n  a r e  m a r g i n a l l y  g r e a t e r  t h a n  t h e  v a l u e s  i n  t e n s i o n .
I t  s h o u l d  b e  p o i n t e d  o u t . h o w e v e r ,  t h a t  t h e  m o d u l u s  v a l u e s  c a l c u l a t e d  a t
t h e s e  l o w  s t r e s s  l e v e l s  a r e  s u b j e c t  t o  e r r o r  d u e  t o  l a c k  o f  a c c u r a c y
i n  t h e  s t r a i n  a n d  l o a d  m e a s u r i n g  s y s t e m s . F o r  e x a m p l e  i t  c a n  b e  s e e n  i n
2
T a b l e  1 2 . 1  t h a t  t h e  d i f f e r e n c e  o f  2 . 3  G N / m  i n  E  a n d  f o r  m a t e r i a l  A
P  t
c o r r e s p o n d s  t o  a  s t r a i n  d i f f e r e n c e  i n  e  a n d  e  o f  o n l y  0 . 3  y s  a n d
2 P
a  d i f f e r e n c e  o f  2 . 7  G N / m  i n  E ^  a n d  E^_ f o r  m a t e r i a l  B  c o r r e s p o n d s  t o
a  s t r a i n  d i f f e r e n c e  i n  a n d  e  o f  3 . 3  y s .  T h e  g r e a t e r  e r r o r  i n  t h e
c a l c u l a t i o n  o f  t h e  m o d u l u s  a t  l o w  s t r e n g t h -  l e v e l s  i s  r e f l e c t e d  i n  t h e
h i g h e r  c o e f f i c i e n t s  o f  v a r i a t i o n  a n d  r a n g e  v a l u e s  g i v e n  i n  T a b l e  1 2 . 1 .
W i t h  t h e  a b o v e  m e n t i o n e d  r e s e r v a t i o n s ,  t h e  f o l l o w i n g  o b s e r v a t i o n s  
a r e  m a d e  r e g a r d i n g  t h e  s h a p e  o f  t h e  s t r e s s - s t r a i n  c u r v e s :
a .  T e n s i l e  t e s t s :  T h e  m a r g i n a l l y  h i g h e r  m o d u l u s  v a l u e s  a t  l o w  s t r e s s  
l e v e l s  i n d i c a t e  t h a t  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  i s  s l i g h t l y  c u r v e d  
b u t  t h e  c u r v a t u r e  i s  v e r y  s m a l l .  T h i s  c o n f i r m s  t h e  o b s e r v a t i o n  m a d e  i n  
S e c t i o n  1 0  t h a t  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  i n  t e n s i o n  i s  e f f e c t i v e l y  
l i n e a r  u p  t o  a  s u b s t a n t i a l  p r o p o r t i o n  o f  t h e  u l t i m a t e  l o a d .  T h i s  i s  
i l l u s t r a t e d  i n  F i g u r e  1 2 . 4 a  i n  w h i c h  a v e r a g e d  s t r e s s - s t r a i n  c u r v e s  i n  
t e n s i o n  a r e  d r a w n  f r o m  t h e  d a t a  g i v e n  i n  T a b l e  1 2 , 1  a n d  f r o m  a v e r a g e  
v a l u e s  o f  s t r a i n s  a t  9 5 %  o f  t h e  u l t i m a t e  l o a d  g i v e n  i n  A p p e n d i x  B
( T a b l e s  1 — 1 0  )
b .  C o m p r e s s i v e  t e s t s :  T h e  m o d u l u s  v a l u e s  i n c r e a s e  a s  t h e  s t r e s s  l e v e l  
d e c r e a s e s  i n d i c a t i n g  a  n o n - l i n e a r i t y  o f  t h e  s t r e s s - s t r a i n  c u r v e  w h i c h  
i s  v e r y  s m a l l  u p  t o  1 / 3  o f  t h e  u l t i m a t e  l o a d  b u t  b e c o m e s  s i g n i f i c a n t  
a t  h i g h e r  l o a d s .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  1 2 . 4 b  i n  w h i c h  a v e r a g e d  
s t r e s s - s t r a i n  c u r v e s  f r o m  c o m p r e s s i v e  t e s t s  o n  p r i s m s  a r e  d r a w n  f o r  
m a t e r i a l s  A ,  B , C  , D , E  9 a t  2 8  d a y s  w i t h  5 . 5 5 %  c e m e n t .
M o r e  a c c u r a t e  t e s t s  a r e  n e e d e d  i n  o r d e r  t o  e s t a b l i s h  w i t h  p r e c i s i o n  
t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p s  a t  l o w  s t r e s s  l e v e l s  a n d  I t  i s
-  1 3 3  -
ZW/ h w  s s j j i s
F
ig
u
r
e
 
12
.&
a 
A
v
e
r
a
g
e
d
 
s
t
r
e
s
s
-
s
t
r
a
i
n
 
c
u
r
v
e
s
 
in 
u
n
i
-
a
x
i
a
l
 
t
e
n
s
i
o
n
-  1 3 4  -
t  S 3 . ! {  s
F
i
g
u
r
e
 
1
2
.
A
v
e
r
a
g
e
d
 
s
t
r
e
s
s
-
s
t
r
a
i
n
 
c
u
r
v
e
s
 
in 
u
n
i
-
a
x
i
a
l
 
c
o
m
p
r
e
s
s
i
o
n
.
 
T
e
s
ts
 
on
 
p
r
i
s
m
s
-  1 3 5  -
s u g g e s t e d  t h a t  t h i s  s h o u l d  b e  d o n e  b y  t e s t i n g  t h e  s a m e  s p e c i m e n s  i n  
t e n s i o n  a n d  i n  c o m p r e s s i o n  u s i n g  t h e  s a m e  l o a d  a n d  s t r a i n  m e a u s u r i n g  
s y s t e m s  ,  i n  o r d e r  t o  a v o i d  d i f f e r e n c e s  a t t r i b u t a b l e  t o  s p e c i m e n  
v a r i a t i o n  a n d  t o  t h e  m e a s u r i n g  s y s t e m s .
T h e  e q u a l i t y  o r  o t h e r w i s e  o f  t h e  m o d u l u s  i n  t e n s i o n  a n d  i n  c o m p r e s s i o n  
i s  a n  i m p o r t a n t  i s s u e  j u s t i f y i n g  a  m o r e  d e t a i l e d  d i s c u s s i o n  s i n c e  
t h e r e  i s  l i t t l e  p u b l i s h e d  i n f o r m a t i o n  a t  p r e s e n t  a v a i l a b l e .  F u r t h e r m o r e ,  
c o n f l i c t i n g  v i e w s  h a v e  b e e n  e x p r e s s e d  a n d  t h e s e  a r e  o b s c u r e d  b y  
d i f f e r e n c e s  i n  t h e  s t r e s s  s y s t e m s  u s e d  b y  v a r i o u s  i n v e s t i g a t o r s  a n d  
b y  t h e  w i d e  s p e c t r u m  c o v e r e d  b y  t h e  t e r m  c e m e n t  s t a b i l i s e d  m a t e r i a l s .  
M e t c a l f  ( 1 8 ) ,  f r o m  t h e  o b s e r v a t i o n  t h a t  t e n s i l e  s t r a i n s  d e v e l o p  o n  t h e  
g e o m e t r i c  n e u t r a l  a x i s  o f  f i n e  g r a i n e d  s o i l - c e m e n t  b e a m s  t e s t e d  i n  
f l e x u r e ,  s u g g e s t e d  t h a t  d i f f e r e n t  m o d u l u s  v a l u e s  o p e r a t e  i n  t e n s i o n  
a n d  i n  c o m p r e s s i o n .  I t  s h o u l d  b e  p o i n t e d  o u t ,  h o w e v e r ,  t h a t  t e n s i l e  
s t r a i n  o n  t h e  g e o m e t r i c  n e u t r a l  a x i s  c o u l d  a l s o  b e  a t t r i b u t e d  t o  o t h e r  
r e a s o n s  s u c h  a s  f o r  i n s t a n c e ,  t o  m i c r o - c r a c k i n g  o f  p a r t  o f  t h e  t e n s i o n  
z o n e .  L a r s e n  a n d  N u s s b a u m  ( 1 1 9 ) ,  i n  t h e i r  f l e x u r a l  f a t i g u e  t e s t s  o n  
t h r e e  c e m e n t  s t a b i l i s e d  s o i l s ,  m e a s u r e d  t h e  b o t t o m  a n d  t o p  f i b r e  
s t r a i n s  f r o m  w h i c h  t h e  m o d u l u s  v a l u e s  i n  t e n s i o n  a n d  i n  c o m p r e s s i o n  
w e r e  c a l c u l a t e d .  T h e y  f o u n d  t h a t  t h e  c o m p r e s s i v e  t o  t e n s i l e  m o d u l u s  
r a t i o  r a n g e d  b e t w e e n  0 . 9 0  a n d  1 . 4 6  f o r  t h e  t h r e e  m a t e r i a l s  t e s t e d  a t  
l o a d s  l e s s  t h a n  o n e  h a l f  o f  t h e  m a x i m u m  l o a d  a n d  i n c r e a s e d  a s  t h e  l o a d  
i n c r e a s e d .  P r e t o r i u s  ( 1 2 0 )  r e a c h e d  t h e  s a m e  c o n c l u s i o n s  f r o m  s i m i l a r  
f a t i g u e  t e s t s  a n d  s h o w e d  t h a t  t h e  c o m p r e s s i o n  r e s i l i e n t  m o d u l u s  
r e m a i n e d  f a i r l y  c o n s t a n t -  w h i l e  t h e  t e n s i l e  r e s i l i e n t  m o d u l u s  d e c r e a s e d  
c o n t i n u o u s l y  a s  t h e  l o a d  r e p e t i t i o n s  i n c r e a s e d .  B o f i n g e r  ( 1 5 ) ,  a s  
m e n t i o n e d  i n  S e c t i o n  2  o f  t h e  t h e s i s ,  r e p o r t e d  c o m p r e s s i v e  t o  t e n s i l e  
m o d u l u s  r a t i o s  r a n g i n g  b e t w e e n  7 . 5  t o  1 1 !  i n  u n i - a x i a l  t e n s i o n  a n d  
c o m p r e s s i o n  t e s t s  o n  f i n e  g r a i n e d  s o i l - c e m e n t  s p e c i m e n s .  T h e  d e f o r m a ­
t i o n s  i n  t h e  t e n s i o n  t e s t s  w e r e  m e a s u r e d  b e t w e e n  t o p  a n d  b o t t o m  g l u e d  
s i d e  p l a t e s  a n d  t h e  s t r a i n s  w e r e  c a l c u l a t e d  w i t h  t h e  a s s u m p t i o n  t h a t ,  
t h e  g a u g e  l e n g t h  w a s  e q u a l  t o  t h e  d i s t a n c e  b e t w e e n  t h e  c e n t r e s  o f  t h e  
s i d e  p l a t e s ,  s u b s i d i a r y  c o m p r e s s i o n  t e s t s  b e i n g  c a r r i e d  o u t . i n  o r d e r  
t o  c h e c k  t h i s  a s s u m p t i o n  a n d  t o  e x c l u d e  t h e  p o s s i b i l i t y  o f  s l i p  b e t w e e n  
t h e  s i d e  p l a t e s  a n d  t h e  s p e c i m e n .  I t  i s  t h e  w r i t e r ’ s  c o n s i d e r e d  o p i n i o n ,  
h o w e v e r ,  t h a t  t h e  p o s s i b i l i t y  o f  e r r o n e o u s  s t r a i n s  c a n n o t  b e  e n t i r e l y  
d i s c a r d e d ,  p o s s i b l e  s o u r c e s  o f  e r r o r  b e i n g  t h a t  t h e  a s s u m e d  g a u g e  l e n g t h
-  1 3 6  -
m a y  n o t  a p p l y  a t  t h e  s m a l l  l o a d s  o p e r a t i v e  i n  t h e  t e n s i o n  t e s t s  a n d  
t h a t  s h e a r  i n  t h e  l a y e r  o f  a d h e s i v e  w o u l d  r e s u l t  i n  h i g h  m e a s u r e d  
d e f o r m a t i o n s .  I n  a d d i t i o n ,  r o t a t i o n  o f  t h e  g l u e d  p l a t e s  d u e  t o  
d i f f e r e n c e s  i n  t h i c k n e s s  o f  a d h e s i v e  o r  i n  t h e  d e g r e e  o f  b o n d  o n  o n e  
s i d e  p l a t e  c o u l d  r e s u l t  i n  e r r o n e o u s  s t r a i n  c a l c u l a t i o n  a n d  e s p e c i a l l y  
s o  s i n c e  o n l y  o n e  p a i r  o f  d i a l  g a u g e s  w a s  u s e d .  A  f u r t h e r  s o u r c e  o f .  
e r r o r  c o u l d  b e  t h e  e f f e c t  o f  t h e  r e s t r a i n t  i m p o s e d  o n  t h e  e n d s  o f  t h e  
s p e c i m e n  b y  t h e  m e t a l  p l a t e s  a n d  a d h e s i v e .
W a n g  a n d  H u s t o n  ( 1 2 1 ) ,  o n  t h e  c o n t r a r y ,  f o u n d  f r o m  u n i - a x i a l  t e n s i o n  
a n d  u n i - a x i a l  c o m p r e s s i o n  t e s t s  o n  a  f i n e  g r a i n e d  s o i l - c e m e n t  t h a t  
t h e  m o d u l u s  i s  a p p r e c i a b l y  h i g h e r  i n  t e n s i o n  t h a n  i n  c o m p r e s s i o n  t h e  
r a t i o  r a n g i n g  f r o m  6 , 5 0  t o  1 3 , 0 0 .  T h e y  a l s o  f o u n d  t h a t  t h e  t e n s i l e  t o  
c o m p r e s s i v e  s t r e n g t h  r a t i o  i n c r e a s e d  f r o m  1 0  t o  2 0  p e r  c e n t  w i t h  
i n c r e a s e  i n  c o m p r e s s i v e  s t r e n g t h ,  a  f i n d i n g  w h i c h  i s  c o n t r a r y  t o  t h e  
f i n d i n g s  o f  t h i s  i n v e s t i g a t i o n  a n d  t o  d a t a  o n  c o n v e n t i o n a l  c o n c r e t e  ( 8 4 ) .  
I t  i s  n o t  p o s s i b l e , h o w e v e r , t o  s u g g e s t  r e a s o n s  f o r  t h e s e  d i f f e r e n c e s  i n  
b e h a v i o u r  f r o m  t h e  e x p e r i m e n t a l  d e t a i l s  g i v e n  i n  t h e i r  p a p e r .
P a t a n k a r  a n d  W i l l i a m s  ( 1 4 ) ,  o n  t h e  o t h e r  h a n d ,  c a r r i e d  o u t  a  p r e l i m i n a r y  
s e r i e s  o f  u n i - a x i a l  t e s t s  o n  l e a n  c o n c r e t e  a n d  r e p o r t e d  t h e  r a t i o  o f  
m o d u l u s  i n  c o m p r e s s i o n  t o  t h a t  i n  t e n s i o n  t o  b e  o f  t h e  o r d e r  o f  1 . 5 ,  
t h e  d i f f e r e n c e  i n  m o d u l i  n o t  b e i n g  c o n s i d e r e d  s i g n i f i c a n t  i n  v i e w  o f  
t h e  l i m i t e d  n u m b e r  o f  t e s t s  c a r r i e d  o u t  a n d  t o  t h e  f a c t  t h a t  o n l y  D e m e c  
g a u g e s  w e r e  u s e d  f o r  m e a s u r i n g  t h e  t e n s i l e  s t r a i n s .
R i g o r o u s  t e s t s  h a v e  b e e n  c a r r i e d  o u t  r e c e n t l y  b y  S m i t h  e t  a l  ( 1 2 2 )  w i t h  
t h e  m e r i t  t h a t  b o t h  t e n s i o n  a n d  c o m p r e s s i o n  m o d u l u s  t e s t s  w e r e  c o n d u c t e d  
o n  t h e  s a m e  s p e c i m e n s .  T h e  m a t e r i a l  i n v e s t i g a t e d  w a s  a  g r a n u l a r  s o i l  
w i t h  1 2 . 5  m m  m a x i m u m  s i z e  a g g r e g a t e  a n d  c o n t a i n i n g  1 7 %  s i l t  a n d  c l a y ,  
s t a b i l i s e d  w i t h  3 . 5  a n d  5 . 5  p e r  c e n t  c e m e n t .  T r i a x i a l  t e s t s  w e r e  c a r r i e d  
o u t  o n  c y l i n d r i c a l  s p e c i m e n s  w i t h  a n d  a l s o  w i t h o u t  a x i a l  s t r e s s  a n d , i n  
a l l  c a s e s ,  t h e  m o d u l u s  v a l u e s  i n  t e n s i o n  a n d  i n  c o m p r e s s i o n  w e r e  
e f f e c t i v e l y  e q u a l .
F o s s b e r g  e t  a l  ( 6 ,  1 2 3 )  r e c e n t l y  r e p o r t e d  d e t a i l s  o f  t e s t s  c a r r i e d  o u t -  
o n  a  g r a n u l a r  c e m e n t  s t a b i l i s e d  m a t e r i a l  i n  w h i c h  i t  w a s  f o u n d  t h a t  
t h e  r e s i l i e n t  m o d u l i  w e r e  a p p r o x i m a t e l y  t h e  s a m e  w h e t h e r  m e a s u r e d  i n  
t e n s i o n ,  i n  c o m p r e s s i o n  o r  i n  f l e x u r e .  E q u a l  m o d u l i  a l s o  f o u n d  b y  
B o n n o t  ( 7 7 )  f o r  c e m e n t  t r e a t e d  g r a v e l .
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1 2 . 2  C o m p a r i s o n  o f  r e s u l t s  f r o m  c o m p r e s s i o n  t e s t s  o n  p r i s m s  a n d  o n  
c y l i n d e r s
I n  F i g u r e  1 2 . 5 ,  t h e  m o d u l u s  v a l u e s  d e t e r m i n e d  i n  c o m p r e s s i o n  t e s t s  o n  
p r i s m s  a n d  o n  c y l i n d e r s  a r e  c o m p a r e d  a n d ,  a s  w o u l d  b e  e x p e c t e d  f r o m  
F i g u r e s  1 2 !  a n d  1 2 . 2 ,  t h e  p o i n t s  l i e  a b o v e  t h e  l i n e  o f  e q u a l i t y .
I t  f o l l o w s  t h a t  i s  w i t h o u t  e x c e p t i o n  l e s s  t h a n  E  ,  t h i s  b e i n g  
e s p e c i a l l y  p r o n o u n c e d  w i t h  t h e  s t r o n g e r  a n d  m o r e  g r a n u l a r  m a t e r i a l s .
I n  F i g u r e  1 2 . 6  t h e  c o m p r e s s i v e  s t r e n g t h  o n  p r i s m s  i s  s h o w n  p l o t t e d  
a g a i n s t  t h e  c o m p r e s s i v e  s t r e n g t h  o n  c y l i n d e r s  a n d  i t  m a y  b e  s e e n  t h a t  
t h e  p o i n t s  l i e  a b o u t  t h e  l i n e  o f  e q u a l i t y .  I t  s e e m s ,  t h e r e f o r e ,  t h a t  
t h e  a n i s o t r o p i c  b e h a v i o u r  d e t e c t e d  i n  m o d u l u s  d e t e r m i n a t i o n s  i s  n o t  
a p p a r e n t  i n  t h e  s t r e n g t h  t e s t s .
V e r y  l i t t l e  e x p e r i m e n t a l  d a t a  a r e  a v a i l a b l e  f o r  c o n c r e t e  o r  f o r  c e m e n t  
s t a b i l i s e d  m a t e r i a l s  c o n c e r n i n g  t h e  r e l a t i o n s h i p  b e t w e e n  c y l i n d e r  a n d  
p r i s m  s t r e n g t h  a n d  n o n e ,  t o  t h e  w r i t e r ’ s  k n o w e l e d g e ,  o n  m o d u l u s  o f  
e l a s t i c i t y .  I t  i s  g e n e r a l l y  b e l i e v e d ,  h o w e v e r ,  t h a t  s p e c i m e n s  o f  e q u a l  
v o l u m e  a n d  w i t h  e q u a l  r a t i o  o f  h e i g h t  t o  l a t e r a l  d i m e n s i o n  g i v e  a  
c o m p a r a b l e  m e a s u r e  o f  s t r e n g t h  a n d  o f  m o d u l u s  o f  e l a s t i c i t y .  
N e v e r t h e l e s s ,  i n  t h i s  i n v e s t i g a t i o n  t h e  c y l i n d r i c a l  s p e c i m e n s  d i f f e r e d  
f r o m  p r i s m s  i n  a  n u m b e r  o f  r e s p e c t s  i n c l u d i n g  t h e  v o l u m e  u n d e r  t e s t ,  
t h e  r a t i o  o f  h e i g h t  t o  l a t e r a l  d i m e n s i o n  ( 2 . 5  f o r  p r i s m s ,  2 . 0  f o r  
c y l i n d e r s ) ,  a n d  t h e  d i r e c t i o n  o f  c o m p a c t i o n  i n  r e l a t i o n  t o  t h e  
d i r e c t i o n  o f  l o a d i n g .  T h e s e  f a c t o r s  w o u l d  b e  e x p e c t e d  t o  i n f l u e n c e  
t h e  m e a s u r e d  p r o p e r t i e s  a n d  a r e  d i s c u s s e d  b r i e f l y  a s  f o l l o w s :
V o l u m e  u n d e r  t e s t
I t  i s  g e n e r a l l y  r e c o g n i z e d  t h a t  t h e  s t r e n g t h  o f  c o n c r e t e  
d e c r e a s e s  w i t h  i n c r e a s e  i n  s p e c i m e n  s i z e  a n d  i s  e x p l a i n e d  b y  
t h e  c o n c e p t  t h a t  t h e  l a r g e r  v o l u m e  i s  m o r e  l i k e l y  t o  c o n t a i n  
a n  e l e m e n t  o f  a  l o w  s t r e n g t h -  ( 1 1 0 ) ,  D e c r e a s e  i n  s t r e n g t h  w i t h  
i n c r e a s e  i n  s p e c i m e n  s i z e  h a s  b e e n  s h o w n  e x p e r i m e n t a l l y  i n  
c o m p r e s s i o n ,  i n  f l e x u r e  a n d  i n  t e n s i o n  t e s t s  ( 1 2 4  t o  1 2 6  ) 
( 1 0 9 )  a l t h o u g h  G a e d e  ( 1 2 7 )  d i d  n o t  f i n d  s u c h  a n  e f f e c t  i n  
c o n c r e t e  c u b e  t e s t s .  I t  h a s  a l s o  b e e n  r e p o r t e d  ( 1 1 7 )  t h a t  t h e  
i n f l u e n c e  o f  s p e c i m e n  s i z e  i s  l e s s  p r o n o u n c e d  i n  l e a n  m i x e s  
t h a n  i n  r i c h  m i x e s .
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M O D U L U S  O F  E L  A S T I C I T Y  ( C y l i n d e r s )  E c  G N / m 2
F i g . 1 2 . 5  M o d u l u s  v a l u e s  i n  c o m p r e s s i o n  o n  p r i s m s  
a n d  o n  c y l i n d e r s .
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C O M P R E S S I V E  S T R E N G T H  f  ( c y l i n d e r )  M M / m 2
F i g .  1 2 . 6  C o m p r e s s i v e  s t r e n g t h  o n  p r i s m s  
p l o t t e d  a g a i n s t  c o m p r e s s i v e  
s t r e n g t h  o n  c y l i n d e r s .
-  140 -
T h e  d i f f e r e n c e  i n  t h e  v o l u m e  o f  t h e  p r i s m  a n d  t h e  c y l i n d e r s
u s e d  i n  t h i s  i n v e s t i g a t i o n ( V  . =  1 , 5 9  V . .  ,  ) * h o w e v e r ,
p r i s m  c y l i n d e r  5
i s  n o t  s u f f i c i e n t  t o  s i g n i f i c a n t l y  i n f l u e n c e  t h e  s t r e n g t h  
r e s u l t s  a c c o r d i n g  t o  e x p e r i m e n t a l  e v i d e n c e  r e p o r t e d  b y  
N e v i l l e  ( 1 1 0 ,  1 2 5 ) .
R a t i o  o f  h e i g h t  t o  l a t e r a l  
d i m e n s  i o n
T h e  i n f l u e n c e  o f  t h i s  f a c t o r  o n  c o n c r e t e  s t r e n g t h  a n d  o n  
m o d u l u s  o f  e l a s t i c i t y  h a s  b e e n  s t u d i e d  b y  m a n y  r e s e a r c h  
w o r k e r s  a n d  n o t a b l y  o n  p r i s m s  b y  N e w m a n  a n d  L a c h a n c e  ( 1 2 8 )  
a n d  o n  c y l i n d e r s  b y  L u s c h e  ( 1 2 9 )  a n d  b y  S a n g h a  & D h i r  ( 1 3 0 ) .
I n  a l l  c a s e s ,  a  h e i g h t  t o  l a t e r a l  d i m e n s i o n / r a t i o  o f  2 . 5  i s  
r e c o m m e n d e d  b u t  a  r e d u c t i o n  o f  t h i s  r a t i o  f r o m  2 , 5  t o  2 . 0  
i n f l u e n c e d  b o t h  s t r e n g t h  a n d  m o d u l u s  b y  l e s s  t h a n  2  p e r  c e n t  
( 1 2 8 ,  1 2 9 ) .
T h e  e f f e c t  o f  t h e  h e i g h t  t o  l a t e r a l  d i m e n s i o n  r a t i o  o n  t h e  
c o m p r e s s i v e  s t r e n g t h  o f  c e m e n t  s t a b i l i s e d  m a t e r i a l s  h a s  b e e n  
s t u d i e d  b y  F e l t  & A b r a m s  ( 9 ) ,  b y  K o l i a s  a n d  K a p e r o n i s  ( 1 3 1 )  
a n d  i n  m o r e  d e t a i l  b y  S y m o n s  ( 1 3 2 )  w i t h  s i m i l a r  c o n c l u s i o n s  
a s  f o r  c o n c r e t e ,  a l t h o u g h  t h e  e m p h a s i s  i n  t h e s e  i n v e s t i g a t i o n s  
w a s  o n  s p e c i m e n s  w i t h  a  h e i g h t  r a t i o  o f  2  o r  l e s s .  S y m o n s  ( 1 3 2 )  
r e p o r t e d  t h a t  t h e  h e i g h t  t o  l a t e r a l  d i m e n s i o n  e f f e c t  w a s  
d e p e n d e n t  o n  t h e  m a t e r i a l  t y p e  a l t h o u g h  t h e  o b s e r v e d  
d i f f e r e n c e s  w e r e  n o t  g r e a t  a n d  t h e  v a r i a b i l i t y  o f  t h e  r e s u l t s  
d i d  n o t  a l l o w  d e f i n i t e  c o n c l u s i o n s  t o  b e  d r a w n .  T h i s  
o b s e r v a t i o n  c o u l d  p a r t l y  b e  a t t r i b u t e d  t o  t h e  e f f e c t  o n  
s t r e n g t h  o f  t h e  m a x i m u m  a g g r e g a t e  s i z e  i n  r e l a t i o n  t o  s p e c i m e n  
s i z e  a s  r e p o r t e d  f o r  c o n c r e t e  b y  S a n g h a  a n d  D h i r ( 1 3 0 )  a n d  
o t h e r s .  T h e  e f f e c t  o f  m a t e r i a l  t y p e ,  h o w e v e r ,  c a n n o t  b e  
e x c l u d e d  a n d  f u r t h e r  w o r k  i s  n e e d e d  i n  o r d e r  t o  f u l l y  
i n v e s t i g a t e  t h i s  p r o b l e m .
T h e  r e l a t i o n  o f  t h e  g a u g e  l e n g t h  t o  t h e  s p e c i m e n  h e i g h t  i s  
a n o t h e r  f a c t o r  w h i c h  s h o u l d  b e  c o n s i d e r e d  i n  t h i s  c o n t e x t .
I
I f  t h e  s t r a i n s  a r e  b a s e d  o n  o v e r a l l  d e f o r m a t i o n  m e a s u r e m e n t s ,  
s u c h  a s  f r o m  t h e  m e a s u r e m e n t  o f  p l a t e n  m o v e m e n t , t h e  r e s t r i c t i n g  
e f f e c t  o f  t h e  f r i c t i o n a l  f o r c e s  a t  t h e  s p e c i m e n  e n d s  i s  l i k e l y
-  1 4 1  -
t o  i n f l u e n c e  t h e  d e t e r m i n a t i o n  o f  t h e  m o d u l u s  o f  e l a s t i c i t y .  
T h u s ,  S a n g h a  a n d  D h i r  ( 1 3 0 )  f o u n d  t h a t  t h e  t a n g e n t  ' m o d u l u s ,  
a t  5 0 %  o f  t h e  u l t i m a t e  l o a d , d e t e r m i n e d  f r o m  o v e r a l l  d e f o r m a t i o n  
m e a s u r e m e n t s  i s  l e s s  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  b a s e d  o n  
s t r a i n  m e a s u r e m e n t s  o v e r  t h e  c e n t r a l  z o n e  o f  t h e  s p e c i m e n ,  
b e i n g  t y p i c a l l y  9 0 %  a n d  8 5 %  f o r  s l e n d e r n e s s  r a t i o s  o f  3  a n d  2  
r e s p e c t i v e l y .  S w a m y  ( 1 3 3 )  a l s o  r e p o r t e d  s i m i l a r  f i n d i n g s ,  t h e  
i n i t i a l  m o d u l u s  d e t e r m i n e d  f r o m  o v e r a l l  d e f o r m a t i o n  m e a s u r e m e n t s  
v a r y i n g  f r o m  a b o u t  5 5 %  t o  8 0 %  o f  t h e  v a l u e  b a s e d  o n  s t r a i n  
m e a s u r e m e n t s  r e m o t e  f r o m  t h e  e n d s  o f  t h e  s p e c i m e n  a n d  b e i n g  
i n f l u e n c e d  b y  t h e  s t r e n g t h  o f  t h e  c o n c r e t e .  I n  t h e  t e s t s  
r e p o r t e d  i n  t h i s  t h e s i s  t h e  s t r a i n s  w e r e  m e a s u r e d  i n  t h e  
c e n t r a l  z o n e  o f  t h e  s p e c i m e n s , t h e  g a u g e  l e n g t h s  b e i n g  5 2 %  a n d  
4 2 %  o f  t h e  h e i g h t  o f  t h e  c y l i n d e r s  a n d  p r i s m s  r e s p e c t i v e l y .
I t  w a s  c o n c l u d e d  t h a t  t h i s  d i f f e r e n c e  w o u l d  n o t  s i g n i f i c a n t l y  
a f f e c t  t h e  c o m p a r i s o n  o f  t h e  m o d u l u s  r e s u l t s ,  a  v i e w  s u p p o r t e d  
b y  d a t a  o n  c o n c r e t e ,  r e p o r t e d  b y  L u s c h e  ( 1 2 9 ) ,  w h o  f o u n d  t h a t  
m o d u l u s  v a l u e s  d i d  n o t  d i f f e r  b y  m o r e  t h a n  1%  f o r  g a u g e  
l e n g t h s  2 5 %  a n d  5 0 %  o f  t h e  s p e c i m e n  h e i g h t .
I t  f o l l o w s  f r o m  t h e  a b o v e  d i s c u s s i o n  t h a t  t h e  v o l u m e  u n d e r  t e s t ,  t h e  
s l e n d e r n e s s  r a t i o ,  a n d  t h e  r e l a t i o n  o f  t h e  g a u g e  l e n g t h  t o  t h e  
s p e c i m e n  h e i g h t  a r e  a l l  u n l i k e l y  t o  h a v e  s i g n i f i c a n t l y  i n f l u e n c e d  t h e  
r e s u l t s .  I n  o r d e r  t o  f u r t h e r  e x a m i n e  t h i s  c o n c l u s i o n  t w o  a d d i t i o n a l  
p r i s m s  w i t h  a  h e i g h t  o f  2 0 3  m m  w e r e  p r e p a r e d  f r o m  m a t e r i a l  A  i n  a  
b a t c h  o f  t h e  m a i n  s e r i e s  o f  t e s t s  f o r  t e s t i n g  a t  7  d a y s  i n  c o m p a r i s o n  
w i t h  t w o  c o m p a n i o n  p r i s m s  o f  2 5 4  mm h e i g h t .  T h e  r e s u l t s  a r e  s h o w n  
i n  T a b l e  1 2 . 2  b e l o w .
T a b l e  1 2 . 2  T e s t s  o n  s h o r t e r  p r i s m s
N o
S p e c i m e n
h e i g h t
mm
f
P
M N / m 2
E
P
( GN / m 2 )
1 2 5 4 8 . 6 2 2 8 . 0
2 2 5 4 8 . 7 8 2 9 , 2
1 2 0 3 8 . 9 8 3 0 . 0
2 2 0 3 9 . 0 6 2 9 . 0
-  142 -
I t  c a n  b e  s e e n  t h a t  a l t h o u g h  t h e  v a l u e s  b o t h  o f  s t r e n g t h  a n d  o f  
m o d u l u s  a r e  s l i g h t l y  h i g h e r  i n  t h e  c a s e  o f  t h e  s h o r t e r  s p e c i m e n s ,  t h e  
d i f f e r e n c e  i s  w i t h i n  t h e  s c a t t e r  o f  t h e  r e s u l t s  e n c o u n t e r e d  i n  t h e  m a i n  
s e r i e s  o f  t e s t s  a n d  i s  t h e r e f o r e  c o n s i d e r e d  a c c e p t a b l e .
D i r e c t i o n  o f  c o m p a c t i o n  i n  
r e l a t i o n  t o  t h e  d i r e c t i o n  o f  
l o a d i n g .
C o m p a c t i o n  o f  m a t e r i a l  w i t h  a  v i b r a t i n g  h a m m e r  a p p l i e d  u n d e r  
p r e s s u r e  i n t r o d u c e s  t h e  p o s s i b i l i t y  o f  a g g r e g a t e  o r i e n t a t i o n ,  
t h e  f o r m a t i o n  o f  c o m p a c t i o n  p l a n e s  a n d ,  e s p e c i a l l y  f o r  c y l i n d e r s  
t h e  r i s k  o f  s e g r e g a t i o n  a t  e a c h  o f  t h e  f i l l i n g  l i f t s .  T h e  
d i r e c t i o n s  o f  c o m p a c t i o n  a n d  o f  l o a d i n g  w e r e  t h e  s a m e  f o r  
c y l i n d e r s  w h i l s t  t h e  d i r e c t i o n  o f  c o m p a c t i o n  w a s  a t  r i g h t  a n g l e s  
t o  t h e  d i r e c t i o n  o f  l o a d i n g  f o r  p r i s m s ,  a  d i f f e r e n c e  w h i c h  i s  
l i k e l y  t o  h a v e  i n f l u e n c e d  t h e  b e h a v i o u r  o f  t h e  m a t e r i a l  u n d e r  
l o a d .  A n  a d d i t i o n a l  f a c t o r  t o  b e  c o n s i d e r e d  i n  t h e  l i g h t  o f  
t h i s  i n v e s t i g a t i o n  i s  t h e  e f f e c t  o f  c r a c k s  w h i c h  m a y  b e  f o r m e d  
d u r i n g  c o m p a c t i o n  b u t  t h e  d i f f e r e n c e  i n  c o m p r e s s i o n  m o d u l u s  
o n  p r i s m s  a n d  o n  c y l i n d e r s  c a n  n o t  b e  a t t r i b u t e d  t o  c o m p a c t i o n  
c r a c k i n g  a l o n e .  T h u s ,  a l t h o u g h  t h e  d i f f e r e n c e  i s  p a r t i c u l a r l y  
g r e a t  o n  m a t e r i a l  D ^ w h i c h  w a s  e s p e c i a l l y  p r o n e  t o  c r a c k i n g  a s  
i l l u s t r a t e d  i n  P l a t e  1 0 ! ,  t h e  d i f f e r e n c e  i s  a l s o  m a r k e d  o n  
m a t e r i a l  A w h i c h  w a s  a p p a r e n t l y  f r e e  o f  c r a c k s  a n d  o n  m a t e r i a l  
E  w h i c h  w a s  r e l a t i v e l y  f r e e  o f  c r a c k s .  A  c a p p e d  c y l i n d e r  o f  
e a c h  m a t e r i a l  a f t e r  t e s t  i s  s h o w n  i n  P l a t e  1 2 !  t o  i l l u s t r a t e  
t h i s  p o i n t  a n d  i t  m a y  b e  s e e n  i n  t h i s  i n s t a n c e  t h a t  a  
c o m p a c t i o n  c r a c k  c a n  b e  d e t e c t e d  v i s u a l l y  o n l y  i n  t h e  s p e c i m e n  
o f  m a t e r i a l . D .  I n  P l a t e  1 2 . 2 ,  a  s e t  o f  p r i s m  s p e c i m e n  i n  s h o w n  
b u t  i n  t h i s  c a s e  i t  i s  n o t  e a s y  t o  d e t e c t  c o m p a c t i o n  c r a c k s  
s i n c e  t h e y  l i e  i n  t h e  s a m e  d i r e c t i o n  a s  t h e  v e r t i c a l  s p l i t t i n g  
c r a c k s  i n d u c e d  b y  l o a d  a n d  i n  t h i s  i n s t a n c e  t h e y  c a n  o n l y  b e  
d e t e c t e d  i n ‘ t h e  l o w e r  l e f t - h a n d  p a r t  o f  t h e  s p e c i m e n  f r o m  
m a t e r i a l  D .
F u r t h e r m o r e ,  i n  t h e  l a r g e  n u m b e r  o f  t e s t s  u n d e r t a k e n  t h e r e  w a s  
n o  s u g g e s t i o n  i n  t h e  a v e r a g e d  s t r e s s - s t r a i n  r e l a t i o n s h i p s  f o r  
i n d i v i d u a l  s p e c i m e n s  o f  t h e  S - s h a p e d  c u r v e  w h i c h  w o u l d  b e  
e x p e c t e d  i f  c r a c k s  w e r e  b e i n g  c l o s e d  a t  l o w  l o a d s .
-  143 -
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A n i s o t r o p y  i n  r e l a t i o n  t o  t h e  d i r e c t i o n  o f  c a s t i n g  h a s  b e e n  
r e p o r t e d  f o r  c o n c r e t e  i n  r e l a t i o n  t o  b o t h  s t r e n g t h  a n d  
s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  ( 8 5 ,  1 3 4  t o  1 3 7 )  a n d  a l s o ,  
r e c e n t l y ,  b y  F o s s b e r g  e t  a l  ( 1 2 3 )  f o r  a  c e m e n t  s t a b i l i s e d  
g r a n u l a r  s o i l  i n  r e l a t i o n  t o  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s .
T h e  a n i s o t r o p i c  b e h a v i o u r  o f  c o n c r e t e  i s  a t t r i b u t e d  t o  
" w a t e r  g a i n " ,  a  p h e n o m e n o n  d e s c r i b i n g  t h e  t e n d e n c y  o f  w a t e r  t o  
c o n c e n t r a t e  u n d e r n e a t h  t h e  a g g r e g a t e  p a r t i c l e s  a s  c a s t  a n d  t h u s  
t o  c r e a t e  w e a k  a r e a s  o f  c e m e n t  a g g r e g a t e  i n t e r f a c e .  S i n c e  
r e l a t i v e l y  l i t t l e  w a t e r  i s  p r e s e n t  i n  c e m e n t  s t a b i l i s e d  
m a t e r i a l s  t h e  p h e n o m e n o n  o f  w a t e r  g a i n  d o e s  n o t  t a k e  p l a c e ,  a t  
l e a s t  n o t  a t  m a c r o s c o p i c  l e v e l ,  a n d  t h e r e f o r e  t h e  a n i s o t r o p i c  
b e h a v i o u r  c a n n o t  b e  e x p l a i n e d  i n  t h i s  w a y .  Y e t  a  s i m i l a r  
m e c h a n i s m  c a n  b e  v i s u a l i z e d  i f  d u r i n g  c o m p a c t i n g  a c t i o n  o f  t h e  
v i b r a t i n g  h a m m e r ,  a  m i x t u r e  o f  w a t e r  a n d  c e m e n t  a n d  f i n e  
m a t e r i a l  m o v e s  f r o m  a r e a s  A t o  a r e a s  B  a s  i l l u s t r a t e d  i n  
F i g u r e  1 2 . 7 a  d u e  t o  t h e  h i g h  p o r e  p r e s s u r e s  d e v e l o p e d .  T h i s  
d i s p l a c e m e n t  o f  m a t e r i a l  u n d e r  s t r e s s  i s  a n a l o g o u s  t o  t h e  s t r e s s  
g e n e r a t e d  i n  a  c o n c r e t e  s p e c i m e n  s u b j e c t e d  t o  c o m p r e s s i v e  l o a d s  
a s  s u g g e s t e d  b y  W I s c h e r s  a n d  L u s c h e  ( 1 3 8 )  a n d  s h o w n  i n  
F i g u r e  1 2 . 7 b .
A f t e r  t h e  d o m p l e t i o n  o f  c o m p a c t i o n ,  a  n e w  e q u i l i b r i u m  i s  
r e a c h e d  b y  t h e  r e v e r s e  m o v e m e n t  o f  t h e  m i x t u r e  b u t  b e c a u s e  t h i s  
t a k e s  p l a c e  u n d e r  l o w e r  p r e s s u r e ,  w i t h  s m a l l e r  v o i d s  b e t w e e n  
t h e  p a r t i c l e s 5 a  g r e a t  p r o p o r t i o n  o f  t h e  c e m e n t  a n d  f i n e  
m a t e r i a l  o f  t h e  m i x t u r e  r e m a i n s  t r a p p e d  w i t h i n  t h e  p a r t i c l e s  
i n  a r e a s  B .  T h e  m i x t u r e  m o v i n g  b a c k  t o  a r e a s  A  i s  c o n s e q u e n t l y  
l e a n e r  i n  c e m e n t  a r i d  c r e a t e s  w e a k  a r e a s  o r i e n t e d  p r e d o m i n a n t l y  
a t  r i g h t  a n g l e s  t o  t h e  d i r e c t i o n  o f  c o m p a c t i o n .  T h e  f o r m a t i o n  
o f  c o m p a c t i o n  c r a c k s  m a y  a l s o  b e  e x p l a i n e d  b y  t h e  s a m e  c o n c e p t .
T h i s  m e c h a n i s m  c o u l d  a c c o u n t  f o r  t h e  d i f f e r e n c e  d e t e c t e d  i n  
m o d u l u s  v a l u e s  o n  p r i s m s  a n d  o n  c y l i n d e r s  b u t  I t  d o e s  n o t  
e x p l a i n  t h e i r  e q u a l i t y  o f  s t r e n g t h  s i n c e  p r i s m s  h a v i n g  w e a k  
a r e a s  p a r a l l e l  t o  t h e  d i r e c t i o n  o f  l o a d i n g  w o u l d  b e  e x p e c t e d  
t o  h a v e  l o w e r  s t r e n g t h s ,
A n i s o t r o p i c  b e h a v i o u r  w a s  a l s o  e v i d e n t  i n  s o m e  p r e l i m i n a r y  
u n i - a x i a l  t e n s i o n  t e s t s  c a r r i e d  o u t  o n  2  b e a m s  a n d  2  c y l i n d e r s
D
ir
e
c
ti
o
n
 
of
 
c
o
m
p
a
c
t
i
o
n
-  1 4 6  -
O
c
cz
o
• H
D
J D
■I"*
i n
i n
i n
CM
i..
-5-»
1 0
©  
-4—' 
0 )  
u .  
O  
C 
O  
a
o
£
u .
O
C
CM
* o
O
£
~ o
c
o
i n
>
cm
x :
o
i n
u .
CM
O
©
ro
w
CM
J L
a
i n
D
S i
t o
csj
o r
L l
c
cm
£
G J
o
r
u .
C M
a
. 5
i
o
C L
£
o
o
CJ)
c
w.
' O
o
CM
i—
D
•»Z
><
C  — •
®  £
E  *
( 4  i n
> r  c m
o  c
i u .
c
o
• v
o
a
t o
CSJ
-  147 -
o f  a  l e a n  c o n c r e t e  m i x  w i t h  5%  c e m e n t  a n d  5 . 5 %  t o t a l  w a t e r .  T h e  
s p e c i m e n s  w e r e  d i p p e d  i n  p a r a f f i n  w a x  a f t e r  d e - m o u l d i n g  a n d  
k e p t  i n  t h e  c u r i n g  r o o m  u n t i l  t e s t e d  a t .  a n  a g e  o f  8  m o n t h s .
T h e  c y l i n d e r s  w e r e  t e s t e d  i n  t e n s i o n  u s i n g  g l u e d - e n d  p l a t e s  
f o l l o w i n g  a  t e c h n i q u e  d e v e l o p e d  f o r  s o i l - c e m e n t  b y  K e t t l e  ( 7 5 )  
a n d  b a s e d  o n  e a r l i e r  w o r k  b y  C h a p m a n  (  8 0  ) .  B o t h  c y l i n d e r s  
f r a c t u r e d  n e a r  t h e  g l u e d  p l a t e s  a t  r e l a t i v e l y  l o w  l o a d s  b u t  t h e  
s t r e s s - s t r a i n  d a t a  o b t a i n e d  g a v e  a  m o d u l u s  v a l u e  w h i c h  w a s  1 0 %  
l o w e r  t h a n  t h e  v a l u e  d e t e r m i n e d  o n  b e a m s .
I t  s h o u l d  a l s o  b e  n o t e d  t h a t  d i f f e r e n c e s  i n  p u l s e  t i m e  w e r e  
d e t e c t e d  i n  a l l  t h e  p r i s m a t i c  s p e c i m e n s  o f  a l l  t h e  m a t e r i a l s  
i n v e s t i g a t e d  w h e t h e r  t h i s  w a s  m e a s u r e d  i n  a  d i r e c t i o n  a t  r i g h t  
a n g l e s  t o  t h e  d i r e c t i o n  o f  c o m p a c t i o n  o r  p a r a l l e l  t o  i t .  B u t  t h e  
c o n t r i b u t i o n  o f  t h e  a n i s o t r o p i c  e f f e c t  t o  t h i s  d i f f e r e n c e  c a n n o t  
b e  e s t i m a t e d  s i n c e  t h e  t r o w e l l e d  f a c e  o f  t h e  s p e c i m e n s  w a s  n o t  
a l w a y s  e n t i r e l y  p l a n e , i t s  t e x t u r e  w a s  d i f f e r e n t  f r o m  t h a t  o f  t h e  
m o u l d e d  s u r f a c e s  a n d  t h e  c o m p a c t e d  h e i g h t  o f  t h e  p r i s m a t i c  
s p e c i m e n  w a s  n o t  a l w a y s  e x a c t l y  e q u a l  t o  i t s  w i d t h .
T a k i n g  t h e  a b o v e  c o n s i d e r a t i o n s  i n t o  a c c o u n t ,  i t  i s  c o n c l u d e d  t h a t  t h e  
m a t e r i a l s  b e h a v e d  a n i s o t r o p i c a l l y  i n  t h e i r  d e f o r m a t i o n a l  c h a r a c t e r i s t i c s  
p o s s i b l y  w i t h  t h e  v a r i o u s  f a c t o r s  d i s c u s s e d  h a v i n g  a  d i f f e r e n t  
s i g n i f i c a n c e  i n  d i f f e r e n t  m a t e r i a l s ,  b u t  w i t h  t h e  d i r e c t i o n  o f  c o m p a c t i o n  
g o v e r n i n g  t h e  d i r e c t i o n  o f  t h e  a n i s o t r o p y  i n  a l l  c a s e s .  A n i s o t r o p i c  
b e h a v i o u r  w a s  n o t  e n c o u n t e r e d  i n  t h e  s t r e n g t h  t e s t s  b u t  w i t h  t h e  
v a r i a b i l i t y  i n  t h e  c o m p r e s s i v e  s t r e n g t h  r e s u l t s  g e n e r a l l y ,  a n d  e s p e c i a l l y  
t h e  n o n - u n i f o r m  s t r a i n s  o b s e r v e d  i n  m a n y  c o m p r e s s i v e  t e s t s ,  s o m e  r e a l  
d i f f e r e n c e s  m a y  h a v e  n o t  b e e n  d e t e c t e d .  I t  i s  c l e a r  t h a t  f u r t h e r  w o r k  
i s  n e c e s s a r y  i n  o r d e r  t o  f u l l y  e x p l a i n  t h i s  b e h a v i o u r  a n d  i t  m a y  a l s o  
b e  i m p o r t a n t  t o  e x a m i n e  w h e t h e r  o r  n o t  t h i s  a n i s o t r o p i c  b e h a v i o u r  o c c u r s  
i n  c e m e n t  s t a b i l i s e d  r o a d  b a s e s  c o m p a c t e d  b y  r o l l i n g .
1 2 , 3  V a l u e s  d e t e r m i n e d  e l e c t r o - d y n a m i c a l l y
T h e  e l e c t r o - d y n a m i c  m o d u l u s  o f  e l a s t i c i t y  i s  s h o w n  p l o t t e d  a g a i n s t  
t h e  m o d u l u s  o f  e l a s t i c i t y  i n  t e n s i o n  i n  F i g u r e  1 2 . 8  t h e  v a l u e s  i n  e a c h  
c a s e  b e i n g  t h e  a v e r a g e  f o r  a  b a t c h ,  w h i l s t  t h e  s e p a r a t e  v a l u e s  f o r  
i n d i v i d u a l  s p e c i m e n s  a r e  p l o t t e d  i n  F i g u r e  1 2 . 9 .  I t  c a n  b e  s e e n  t h a t  
t h e  d y n a m i c  m o d u l u s  i s  a l w a y s  h i g h e r  t h a n  t h e  s t a t i c  m o d u l u s  a n d  t h i s  i s  
i n  a g r e e m e n t  w i t h  d a t a  r e l a t i n g  t o  c e m e n t  s t a b i l i s e d  m a t e r i a l s  ( 9 )  ( 1 3 )
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S T A T I C  M O D U L U S  O F  E L A S T I C I T Y  IN T E N S I O N  ( G N / m 2 )
Fig.12.8 Modulus of e last ic i ty  in tension  plotted against  e l e c t r o - d y n a m i c  modulus.  
Mean v a l u e s
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Lower jWol donsity lean
(From this Investigation)
W illiam s and Pa tankar  t t 3)
S T A T I C  M O D U L U S  O F  E L A S T I C I T Y  IN T E N  S I O N  C G N / m 2 )
Fig.12.9 Modulus of e last ic i ty  in t e n s io n  plotted  a g a in s t  e l e c t r o  - dynamic  modulus.  
Individual values
-  150 -
a n d  t o  c o n c r e t e ‘ ( 1 0 2 1 ,  1 3 9 ,  1 4 0 ) .  T h e  h i g h e r  d y n a m i c  m o d u l u s  v a l u e  i s  
g e n e r a l l y  a t t r i b u t e d  t o  t h e  e x t r e m e l y  s m a l l  l o a d  w h i c h  i s  a p p l i e d  a n d  
t o  t h e  v e r y  s h o r t  d u r a t i o n  o f  i t s  a p p l i c a t i o n ,  s o  t h a t  t h i s  m e t h o d  
d e a l s  w i t h  a l m o s t  p u r e l y  e l a s t i c  e f f e c t s  a n d  i t  i s  t h e r e f o r e  g e n e r a l l y  
c o n s i d e r e d  t o  b e  e f f e c t i v e l y  e q u a l  t o  t h e  i n i t i a l  t a n g e n t  m o d u l u s  
d e t e r m i n e d  i n  s t a t i c  t e s t s .  T h e  h e t e r o g e n e i t y  o f  c o n c r e t e  i s  a l s o  
a n o t h e r  p r o b a b l e  r e a s o n  f o r  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  m e t h o d s  o f  
m o d u l u s  d e t e r m i n a t i o n s  a n d  o n e  t h a t  i s  l i k e l y  t o  a f f e c t  t h e  m e t h o d s  
i n  d i f f e r e n t  w a y s .
I n  F i g u r e  1 2 . 8  t h e r e  i s  s o m e  i n d i c a t i o n  t h a t  t h e r e  a r e  s e p a r a t e
r e l a t i o n s h i p s  b e t w e e n  t h e  t w o  m e a s u r e s  o f  m o d u l u s  f o r  e a c h  m a t e r i a l  b u t
f o r  t h e  r a n g e  o f  v a l u e s  i n v e s t i g a t e d ,  t h e s e  d i f f e r e n c e s  a r e  s m a l l .  F o r
2
s t a t i c  m o d u l u s  v a l u e s  i n  e x c e s s  o f  1 5  G N / m  ,  a  r e a s o n a b l y  w e l l  d e f i n e d
r e l a t i o n s h i p  e x i s t s  a n d  t h e  f e w  p o i n t s  a t  l o w e r  v a l u e s  e n c o u r a g e  t h e
v i e w  t h a t ,  w h e n  f u r t h e r  r e s u l t s  a r e  o b t a i n e d ,  a  b r o a d  r e l a t i o n s h i p
c o u l d  b e  e s t a b l i s h e d  f o r  t h e  r a n g e  o f  v a l u e s  o b t a i n e d  i n  p r a c t i c e .  T h e
g e n e r a l  f o r m  o f  t h e  r e l a t i o n s h i p  b e t w e e n  a n d  E ^  i s  n o t  g r e a t l y  a t
v a r i a n c e  e i t h e r  w i t h  t h e  a p p r o x i m a t e  e x p r e s s i o n  E ^  =  7 / 6  E ^  r e p o r t e d  b y
W i l l i a m s  a n d  P a t a n k a r  ( 1 3 )  f o r  l e a n  c o n c r e t e  o r  w i t h  t h e  s u g g e s t i o n
b y  J o n e s ( 1 3 9 )  t h a t  t h e  e l e c t r o - d y n a m i c  m o d u l u s  e x c e e d s  t h e  s t a t i c
2  6  2
m o d u l u s  b y  6 . 8 9  G N / m  ( 1 X 1 0  I b f / i n  ) .  F o r  p r a c t i c a l  p u r p o s e s ,  t h e
r e s u l t s  p l o t t e d  i n  F i g u r e s  1 2 . 8  a n d  1 2 . 9  s u g g e s t  t h a t  t h e  e l e c t r o -
2
d y n a m i c  a n d  t h e  s t a t i c  m o d u l i  d i f f e r  b y  5  G N / m  f o r  m o d u l u s  v a l u e s
2
g r e a t e r  t h a n  1 5  G N / m  .
T h e  e l e c t r o - d y n a m i c  m o d u l u s  d e t e r m i n a t i o n  i n  c o m p a r i s o n  w i t h  t h e  s t a t i c  
m o d u l u s  d e t e r m i n a t i o n  i s  f a s t e r , m o r e  a c c u r a t e  a n d  i t  h a s  t h e  a d d i t i o n a l  
a d v a n t a g e  o f  b e i n g  n o n - d e s t r u c t i v e .  I t  f o l l o w s  t h a t  t h e  d e v e l o p m e n t  
o f  a n  e x p r e s s i o n  w h i c h  c o u l d  p r o v i d e  a n  e s t i m a t e  o f  t h e  s t a t i c  m o d u l u s  
s u f f i c i e n t l y  a c c u r a t e  f o r  p a v e m e n t  a n a l y s i s  w o u l d  b e  v e r y  u s e f u l  i n  
p r a c t i c e  a n d  f o r  t h i s  r e a s o n ,  a  m o r e  d e t a i l e d  d i s c u s s i o n  o f  t h e  r e s u l t s  
i s  b e l i e v e d  t o  b e  j u s t i f i e d .
P o p o v i c s  ( 1 4 1 )  r e c e n t l y  d e v e l o p e d  a n  e q u a t i o n  r e l a t i n g  t h e  s t a t i c  
m o d u l u s  w i t h  t h e  d y n a m i c  m o d u l u s  a n d  t h e  d e n s i t y  o f  c o n v e n t i o n a l  o r  
l i g h t w e i g h t  c o n c r e t e :
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= 0 - ‘t 3  E . 1 * 9  D ................................................................................................. ....  . . .  .  , ( 1 2 . l a )
w h e r e  E  i s  e x p r e s s e d  i n  G N / m  a n d  D i n  1 0  k g / m
E  +  + . = ° - 2 3  E  1 , 4  D ........................................................................................................ 2 ............................................................( 1 2 . 1 b )
w h e r e  E  i s  e x p r e s s e d  i n  l b f / i n  a n d  D i n  l b / ^ 3
I n  F i g u r e  1 2 . 1 0  t h e  v a l u e s  o b t a i n e d  f o r  E  a r e  p l o t t e d  a g a i n s t  t h e  v a l u e s
1 . 4  7 . . .
o f  E ^  / D } D b e i n g  t h e  a v e r a g e  b u l k  d e n s i t y  o f  t h e  m a t e r i a l s  g i v e n  m
T a b l e  1 0 . 1  a n d  i t  i s  n o t e d  t h a t  t h e r e  i s  a  s u g g e s t i o n  o f  s e p a r a t e  
r e l a t i o n s h i p s  f o r  e a c h  m a t e r i a l .  A l s o  s h o w n  p l o t t e d  i n  F i g u r e  1 2 . 1 0  i s  
t h e ,  r e l a t i o n s h i p  d e v e l o p e d  b y  P o p o v i c s  ( 1 4 1 )  a n d  t h e  b e s t  f i t  s t r a i g h t  
l i n e  d e t e r m i n e d  b y  t h e  l e a s t  s q u a r e s  m e t h o d ,  w h i c h  d o e s  n o t  p a s s  t h r o u g h  
t h e  o r i g i n  b u t  t h e  d i f f e r e n c e  i s  n o t  c o n s i d e r e d  s e r i o u s .  A  l i n e  p a s s i n g  
t h r o u g h  t h e  o r i g i n  w h i c h  s a t i s f a c t o r i l y  i n t e r p r e t s  t h e  e x p e r i m e n t a l  p o i n t s  
i s  a l s o  s h o w n ,  t h e  e q u a t i o n  f o r  t h i s  b e i n g  a s  f o l l o w s
E  =  0 . 4 6 5  E  1 , 4  D .................................................................................................. 2 . . . . . . .  3  ( 1 2 . 2 )
w h e r e  E  i s  e x p r e s s e d  i n  G N / m  a n d  D i n  k g / m
2  • 2  
T h e  s t a n d a r d  e r r o r  o f  e s t i m a t e  S  i s  1 . 4 0  G N / m  ,  c o m p a r e d  w i t h  1 . 3  G N / t f i
y J x  2
f o r  t h e  " b e s t  f i t "  l i n e  a n d  1 . 8  G N / m  f o r  P o p o v i c s  e q u a t i o n .
I t  s h o u l d  b e  e m p h a s i z e d  t h a t  t h e  r e s u l t s  p l o t t e d  i n  F i g u r e s  1 2 . 8 ,  1 2 . 9  
a n d  1 2 . 1 0  r e l a t e  t o  t e s t s  o n  a  r a n g e  o f  m a t e r i a l s  a t  d i f f e r e n t  a g e s  a n d  
o n  s p e c i m e n s  c o v e r i n g  a  r a n g e  o f  s t r e n g t h  v a l u e s  s o  t h a t  s o m e  s c a t t e r ,  
i n  t h e  r e s u l t s  w o u l d  b e  e x p e c t e d .
A n  a t t e m p t  i s  m a d e  i n  F i g u r e s  1 2 . 1 1 a  a n d  1 2 . 1 1 b  t o  s h o w  t h e  e f f e c t  o f  a g e  
o n  t h e  r a t i o  o f  t h e  s t a t i c  t o  t h e  e l e c t r o - d y n a m i c  m o d u l u s  v a l u e s  f o r  t h e  
v a r i o u s  m a t e r i a l s  t e s t e d .  I n  g e n e r a l ,  a n d  e s p e c i a l l y  i n  t e r m s  o f  t h e  
c o m p a r i s o n  w i t h  c o m p r e s s i o n  v a l u e s ,  t h e  t r e n d  i s  f o r  t h e  r a t i o  t o  i n c r e a s e  
w i t h  a g e  a t  t e s t ,  t h u s  r e f l e c t i n g  t h e  c o n t i n u i n g  h y d r a t i o n  o f  t h e  c e m e n t  
p h a s e .  T h e r e  a r e  e x c e p t i o n s ,  h o w e v e r ,  b u t  t h e s e  a r e  b e l i e v e d  t o  b e  d u e  
t o  t h e  s c a t t e r  o f  t h e  e x p e r i m e n t a l  r e s u l t s ,  a  v i e w  w h i c h  i s  s u p p o r t e d  b y  
t h e  f a c t  t h a t  i n c r e a s e  i n  t h e  s t a t i c  c o m p r e s s i o n  t o  e l e c t r o - d y n a m i c  
m o d u l u s  r a t i o  . w i t h  a g e  h a s  a l s o  b e e n  r e p o r t e d  f o r  c o n c r e t e  ( 1 4 1 , 1 4 2 ) .
I t  i s  n o t e d  t h a t ,  f o r  a  g i v e n  a g e ,  m a t e r i a l s  A a n d  D h a v e  t h e  h i g h e s t -  
r a t i o  v a l u e s ,  m a t e r i a l  E  h a s  i n t e r m e d i a t e  v a l u e s  w h i l e  m a t e r i a l  B  a n d ,  
f o r  2 8  d a y s  o n l y ,  m a t e r i a l  C  h a v e  t h e  l o w e s t  r a t i o  v a l u e s .  I t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  w a s  a l s o  t h e  r a n k i n g  o f  t h e  m a t e r i a l s  i n
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t e r m s  o f  t h e i r  r e s p o n s e  t o  c e m e n t  t r e a t m e n t  i n  s t r e n g t h  a n d  i n  m o d u l u s  
v a l u e s .
F i g u r e  1 2 . 1 2  s h o w s  t h e  e f f e c t  o f  s t r e n g t h  o n  t h e  m o d u l u s  r a t i o  a n d ,  o n c e  
a g a i n ,  t h e  t r e n d  i s  f o r  t h e  r a t i o  t o  i n c r e a s e  w i t h  s t r e n g t h  i n c r e a s e ,  a  
f i n d i n g  w h i c h  i s  i n  a c c o r d  w i t h  p u b l i s h e d  d a t a  o n  c o n c r e t e  ( 1 4 3 ) .
M a t e r i a l  D d o e s  n o t  c o n f o r m  w i t h  t h e  t r e n d  v / h e n  t e n s i o n  v a l u e s  a r e  
c o n s i d e r e d  a n d  t h e  l i m i t e d  d a t a  o b t a i n e d  f o r  m a t e r i a l  C i s  a t  v a r i a n c e  
b o t h  f o r  t e n s i o n  a n d  f o r  c o m p r e s s i o n  d a t a .
I t  i s  n o t e d  t h a t ,  f o r  a  g i v e n  s t r e n g t h ,  t h e  m o d u l u s  r a t i o  d e p e n d s  o n  
t h e  m a t e r i a l  t y p e ,  w i t h  l o w e r  r a t i o s  b e i n g  a s s o c i a t e d  w i t h  m a t e r i a l s  B 
a n d  C  b u t  t h e  o r d e r  i s  n o t  a l w a y s  c l e a r  f o r  t h e  o t h e r  m a t e r i a l s .  I n  o r d e r  
t o  e l i m i n a t e 5a s  f a r  a s  p o s s i b l e , t h e  m a t e r i a l  e f f e c t  a n d  s i n c e  d e n s i t y  
i s  c o n s i d e r e d  a  m a t e r i a l  c h a r a c t e r i s t i c , t h e  m o d u l u s  r a t i o s  w e r e  d i v i d e d  
b y  t h e  c o r r e s p o n d i n g  b u l k  d e n s i t y  a n d  t h e  r e s u l t s  w e r e  p l o t t e d  a g a i n s t  
s t r e n g t h  i n  F i g u r e  1 2  ! 3 .  A l t h o u g h  t h e r e  i s  s t i l l  a n  i n d i c a t i o n  t h a t  
s e p a r a t e  r e l a t i o n s h i p s  a r e  f o l l o w e d  b y  e a c h  m a t e r i a l  t h e  d i f f e r e n c e s  
a r e  v e r y  s m a l l  i n  t h e  r a n g e  o f  v a l u e s  i n v e s t i g a t e d  j u s t i f y i n g  t h e  
d r a w i n g  o f  a  " l e a s t  s q u a r e s "  l i n e  t h r o u g h  t h e  v a r i o u s  p o i n t s  a s  s h o w n  
i n  F i g u r e  1 2 . 1 3 .  T h e s e  l i n e s  p r o v i d e  e m p i r i c a l  a p p r o x i m a t e  e q u a t i o n s  
r e l a t i n g  t h e  s t a t i c  m o d u l u s  o f  e l a s t i c i t y  i n  u n i - a x i a l  c o m p r e s s i o n  o r  
t e n s i o n  t o  t h e  e l e c t r o - d y n a m i c  m o d u l u s  o f  e l a s t i c i t y , t h e  d e n s i t y  a n d  t h e  
s t r e n g t h  o f  t h e  m a t e r i a l .  T h e  e q u a t i o n  h a s  t h e  f o l l o w i n g  f o r m
E  . = E  • D • ( a + b f )  ( 1 2 . 3 )
s t a t i c  D
w h e r e  t h e  c o e f f i c i e n t s  a  a n d  b  a r e  g i v e n  i n  T a b l e  1 2 . 3  b e l o w  t o g e t h e r  
w i t h  t h e  s t a n d a r d  e r r o r  o f  e s t i m a t e .
T a b l e  1 2 . 3  D a t a  o f  r e g r e s s i o n  e q u a t i o n  ( 1 2 . 3 )
U n i t s T e n s i o n C o m p r e s s i o n
a m 3 / k g 0 . 3 0 1 0 . 2 9 2
b
5
m  / k g M N 0 . 0 4 4 o o o
S
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A s  m e n t i o n e d  p r e v i o u s l y  t h e r e  i s  s u f f i c i e n t  i n d i c a t i o n  t o  q u e s t i o n  a n y  
s i n g l e  r e l a t i o n s h i p  b e t w e e n  m o d u l u s  r a t i o  a n d  s t r e n g t h  i r r e s p e c t i v e l y  
o f  m a t e r i a l  t y p e .  S u c h  a  r e l a t i o n s h i p  i s  j u s t i f i e d  o n l y  a s  a n  
a p p r o x i m a t e  e m p i r i c a l  e q u a t i o n ,  s t r i c t l y  v a l i d  o n l y  f o r  t h e  r a n g e  o f  
m o d u l u s  a n d  s t r e n g t h  v a l u e s  o f  t h i s  i n v e s t i g a t i o n .  I n  a d d i t i o n ,  i n  
F i g u r e s  1 2 . 1 2 b  a n d  1 2 . 1 3 b , t h e  p a t t e r n  i s  f o r  t h e  r a t e  o f  i n c r e a s e  o f  
E p / E p  t o  d e c r e a s e  a s  t h e  s t r e n g t h  i n c r e a s e s ,  w h i c h  i s  i n  a c c o r d  w i t h  
p u b l i s h e d  d a t a  o n  c o n c r e t e  ( 1 4 3 ) ,  s o  t h a t  t h e  l i n e a r  a p p r o x i m a t i o n  i n  
F i g u r e s  1 2 . 1 2 b  a n d  1 2 , 1 3 b  i s  j u s t i f i e d  o n l y  f o r  t h e  r a n g e  o f  s t r e n g t h s  
o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n .  F o r  t h i s  r e a s o n ,  t h e  p o i n t  c o r r e s p o n d i n g  
t o  m a t e r i a l  A  w i t h  1 0 %  c e m e n t  h a s  b e e n  e x c l u d e d  w h e n  f i t t i n g  t h e
r e g r e s s i o n  l i n e  t o  F i g u r e  1 2 , 1 3 b  b e c a u s e  t h e  c o m p r e s s i v e  s t r e n g t h  o f
2  .
3 4 . 5  M N / m  e x c e e d s  t h e  v a l u e s  u s u a l l y  o b t a i n e d  m  p r a c t i c e .  F u r t h e r m o r e ,
t h i s  w a s  n e c e s s a r y  b e c a u s e  t h e  s t a t i s t i c a l  m e t h o d  g i v e s  u n d u e  w e i g h t  
t o  e x t r e m e  v a l u e s  a n d  m a y  t h i s  u n d u l y  i n f l u e n c e  t h e  r e g r e s s i o n  l i n e .
I t  s h o u l d  a l s o  b e . p o i n t e d  o u t  t h a t  t h e  e m p i r i c a l  r e l a t i o n s h i p s  d e r i v e d  
a b o v e  a r e  b a s e d  o n  e x p e r i m e n t a l  v a l u e s  w h i c h  d i f f e r  i n  t h e i r  
s t a t i s t i c a l  w e i g h t .  T h e  v a r i o u s  p o i n t s  a r e  t h e  a v e r a g e  o f  d i f f e r e n t  
n u m b e r  o f  t e s t s  w h i c h  i n  s o m e  c a s e s  a r e  a v e r a g e  v a l u e s  b e t w e e n  b a t c h e s  
a n d  i n  o t h e r  c a s e s  t h e  a v e r a g e  v a l u e  o f  a  s i n g l e  b a t c h .  T h e  d e r i v e d  
r e l a t i o n s h i p s  m u s t  t h e r e f o r e  b e  v i e w e d  w i t h  t h i s  r e s e r v a t i o n .
S w a m y  a n d  R i g b y  ( 1 1 2 )  r e f e r  t o  t w o  w o r k s  o n  c o n c r e t e  b y  W r i g h t  a n d  b y  
l G . i e g e r  i n  w h i c h  t h e  r e l a t i o n  b e t w e e n  t h e  s t a t i c  a n d  t h e  d y n a m i c  
m o d u l u s  v a l u e s  a r e  a f f e c t e d  b y  t h e  s i z e  a n d  s h a p e  o f  t h e .  t e s t  s p e c i m e n .  
I n  t h e  w o r k  r e p o r t e d  i n  t h i s  t h e s i s , h o w e v e r ,  a  s i z e  e f f e c t  c o u l d  o n l y  
i n f l u e n c e  t h e  c o m p r e s s i o n  r e s u l t s  s i n c e  t h e  t e n s i o n  a n d  t h e  d y n a m i c  
v a l u e s  w e r e  d e t e r m i n e d  o n  i d e n t i c a l  s p e c i m e n s .  I t  i s  a l s o  i n t e r e s t i n g  
t o  n o t e  t h e  r e m a r k a b l e  s i m i l a r i t y  o f  t h e  e q u a t i o n s  f o r  t e n s i o n  a n d  f o r  
c o m p r e s s i o n  i f  t h e  r a t i o  o f  o n e  t e n t h  b e t w e e n  t h e  t e n s i l e  a n d  t h e  
c o m p r e s s i v e  s t r e n g t h ,  r e p o r t e d  i n  S e c t i o n  1 2 . 4  o f  t h e  t h e s i s ,  i s  
a s s u m e d .
R e v e r t i n g  t o  F i g u r e s  1 2 . 1 1  a n d  1 2 . 1 2  i t  i s  n o t e d  t h a t  t h e  r a t i o  o f  t h e  
s t a t i c ,  t o  t h e  d y n a m i c  m o d u l u s  i n c r e a s e s  w i t h  a g e  a n d  w i t h  s t r e n g t h  
w h i c h  i n d i c a t e s  t h a t  t h e s e  f a c t o r s  h a v e  a  g r e a t e r  e f f e c t  o n  t h e  s t a t i c  
m o d u l u s  a n d  i t  m a y  b e  i n f e r r e d . - ,  t h a t  t h e  s t a t i c  m o d u l u s  i s  m o r e  d e p e n d e n t -  
o n  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  p a s t e  a s  h a s  b e e n  r e p o r t e d  f o r  c o n c r e t e  
( 1 4 2 ) .  T h i s  c o u l d  b e  d u e  t o  a  r e d u c t i o n  i n  t h e  i n e l a s t i c  p o r t i o n  o f  t h e
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d e f o r m a t i o n  o f  s t a b i l i s e d  m a t e r i a l  a s  t h e  d e g r e e  o f  h y d r a t i o n  o r  t h e  
s t r e n g t h  i n c r e a s e s  a n d , b e c a u s e  o f  t h e  d i f f e r e n t  n a t u r e  o f  t h e  t w o  t e s t s ,  
t h i s  r e d u c t i o n  w o u l d  b e  e x p e c t e d  t o  d i r e c t l y  i n f l u e n c e  t h e  s t a t i c  
m o d u l u s  b u t  n o t  t h e  d y n a m i c  v a l u e .  T h i s  e x p l a n a t i o n  h a s  a l s o  b e e n  
s u g g e s t e d  b y  O r c h a r d  e t  a l  ( 1 1 8 )  f o r  c o n c r e t e .  T h e  m o d u l u s  r a t i o  
v a l u e s  f o r  l e a n  c o n c e t e  ( m a t e r i a l  A )  a r e  h i g h e r  t h a n  t h o s e  r e p o r t e d  
f o r  c o n c r e t e  ( 1 1 7 ,  1 4 1 )  a n d  t h i s  i s  a t t r i b u t e d  t o  t h e  h i g h  v o l u m e  
f r a c t i o n  o f  a g g r e g a t e  i n  l e a n  c o n c r e t e  w h i c h  r e s u l t s  i n  a  h i g h  s t a t i c  
m o d u l u s  a n d  l o w  c r e e p .
T h e  d e p e n d e n c e  o f  t h e  s t a t i c  t o  d y n a m i c  m o d u l u s  r a t i o  o n  t h e  m a t e r i a l  
t y p e  i s  r e d u c e d  b u t  n o t  e n t i r e l y  e l i m i n a t e d  b y  t a k i n g  i n t o  
c o n s i d e r a t i o n  t h e  d e n s i t y  o f  e a c h  m a t e r i a l .  T h u s  i n  c o m p a r i n g  m a t e r i a l s  
B  a n d  E ,  w h i c h  h a v e  e f f e c t i v e l y  t h e  s a m e  g r a d i n g  i t  m a y  b e  s e e n  t h a t  
a l t h o u g h  m a t e r i a l  B  h a s  a  h i g h e r  d e n s i t y  t h a n  d o e s  m a t e r i a l  E ,  i t s  
m o d u l u s  r a t i o  v a l u e s  a r e  l o w e r  t h a n  t h o s e  o f  m a t e r i a l  E .  F u r t h e r  
r e s e a r c h ,  i n c l u d i n g  c r e e p  t e s t s  a n d  a  s t u d y  o f  t h e  s h a p e  a n d  n a t u r e  
o f  t h e  s i l t - c l a y  f r a c t i o n ^ i s  r e c o m m e n d e d  i n  o r d e r  t o  f u l l y  u n d e r s t a n d  
t h e  e f f e c t  o f  m a t e r i a l  t y p e .
1 2 . 4  I n t e r - r e l a t i o n s h i p  o f  s t r e n g t h  p a r a m e t e r s
B e f o r e  d i s c u s s i n g  t h e  s t r e n g t h  r e s u l t s ,  m e n t i o n  m u s t  b e  m a d e  o f  t h e  
d i f f i c u l t y  e x p e r i e n c e d  i n  a c h i e v i n g  u n i f o r m  s t r a i n s  i n  c o m p r e s s i o n  
t e s t s  b o t h  o n  p r i s m s  a n d  o n  c y l i n d e r s .  A l t h o u g h  t h i s  i s  u n l i k e l y  t o  
h a v e  i n f l u e n c e d  t h e  m o d u l u s  d e t e r m i n e d  a t  s t r e s s e s  u p  t o  o n e  t h i r d  
o f  t h e  u t l i m a t e  s t r e n g t h ,  i t  m a y  h a v e  h a d  a n  e f f e c t  o n  t h e  u l t i m a t e  
s t r e n g t h  a n d  o n  t h e  v a r i a b i l i t y  o f  t h e  r e s u l t s  s o  t h a t  t h e  
r e l a t i o n s h i p  o f ■c o m p r e s s i o n  s t r e n g t h  w i t h  o t h e r  p a r a m e t e r s  i s  s u b j e c t  
t o  s o m e  r e s e r v a t i o n .
U n i - a x i a l  t e n s i l e  s t r e n g t h  i s  s h o w n  p l o t t e d  a g a i n s t  u n i - a x i a l  
c o m p r e s s i v e  s t r e n g t h  m e a s u r e d  o n  p r i s m s  i n  F i g u r e  1 2 . 1 4 .  T h e  r e s u l t s  
i n d i c a t e  t h a t  t h e r e  i s  a  r e a s o n a b l y  g o o d  c o r r e l a t i o n  b e t w e e n  t h e  
s t r e n g t h  i n  t e n s i o n  a n d  i n  c o m p r e s s i o n  f o r  a  w i d e  r a n g e  o f  m a t e r i a l s  
t e s t e d  a t  v a r i o u s  a g e s .  T h i s  i m p l i e s  t h a t ,  a t  l e a s t  a s  a  f i r s t  
a p p r o x i m a t i o n ,  c o m p l i a n c e  i n  p r a c t i c e  w i t h  a  c o m p r e s s i v e  s t r e n g t h  
s p e c i f i c a t i o n  i s  l i k e l y  t o  e n s u r e  a  c o r r e s p o n d i n g  l e v e l  o f  t e n s i l e  
s t r e n g t h .  F o r  t h e  s t r e n g t h  r a n g e  a p p r o p r i a t e  t o  c e m e n t  s t a b i l i s e d
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MNC O M P R E S S I V E  S T R E N G T H  ( p r i s m s )  f p /  m 2
Fig.12.14 Uni-axial  t e n s i l e  s t r e n g t h  p l o t t e d  aga ins t  
uni-ax ial  c o m p r e s s i v e  s t r e n g t h
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Fia.12.15 Rat io  o f c o m p r e s s i v e  t o  t e n s i l e  s t r e n g t h  
p lo t te d  aga ins t  c o m p r e s s i v e  s t r e n g t h
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m a t e r i a l s ,  t h e  u n i - a x i a l  t e n s i l e  s t r e n g t h  i s  o f  t h e  o r d e r  o f  o n e  t e n t h  
o f  t h e  u n i - a x i a l  c o m p r e s s i v e  s t r e n g t h .  I n  q u o t i n g  t h i s  r a t i o ,  i t  i s  
e m p h a s i z e d  t h a t  b o t h  m e a s u r e m e n t s  o f  s t r e n g t h  r e l a t e  t o  u n i - a x i a l  
s t r e s s  s y s t e m s  a n d  c a r e  m u s t  t h e r e f o r e  b e  t a k e n  i n  c o m p a r i n g  t h e  r a t i o  
w i t h  p u b l i s h e d  d a t a  s i n c e ,  i n  m a n y  c a s e s , t h e  t e n s i l e  s t r e n g t h  i s  b a s e d  
o n  a n  i n d i r e c t  t e s t  a n d  t h e  c o m p r e s s i v e  s t r e n g t h  i s  s o m e t i m e s  b a s e d  o n  
c u b e  t e s t s .  F u r t h e r m o r e ,  t h e  r a t i o  r e p o r t e d  i n  t h i s  t h e s i s  r e l a t e s  t o  
t e s t s  o n  s p e c i m e n s  c o m p a c t e d  t o  r e f u s a l  w h e r e a s  p u b l i s h e d  d a t a  o n  
s o i l - c e m e n t  i s  g e n e r a l l y  b a s e d  o n  s p e c i m e n s  c o m p a c t e d  t o  f i e l d  d e n s i t y  
a n d  i t  i s  l i k e l y  t h a t  t h e  t e n s i l e  a n d  t h e  c o m p r e s s i v e  s t r e n g t h  w i l l  b e  
i n f l u e n c e d  t o  a  d i f f e r e n t  d e g r e e  b y  i n c o m p l e t e  c o m p a c t i o n .
R e v e r t i n g  t o  F i g u r e  1 2 . 1 4 ,  t h e  r a t e  o f  i n c r e a s e  i n  t e n s i l e  s t r e n g t h  
d e c r e a s e s  w i t h  i n c r e a s e  i n  c o m p r e s s i v e  s t r e n g t h ,  a .  f i n d i n g  w h i c h  i s  i n  
a g r e e m e n t  w i t h  d a t a  r e l a t i n g  f l e x u r a l  s t r e n g t h  t o  c u b e  s t r e n g t h  o f  l e a n  
c o n c r e t e  ( 1 2 )  a n d  r e l a t i n g  f l e x u r a l  s t r e n g t h ,  c y l i n d e r  s p l i t t i n g  
s t r e n g t h  a n d  u n i - a x i a l  t e n s i l e  s t r e n g t h  t o  t h e  c u b e  o r  t h e  u n i - a x i a l  
c o m p r e s s i v e  s t r e n g t h  o f  c o n v e n t i o n a l  c o n c r e t e  ( 2 3 ,  5 2 ,  7 0 ,  8 4 ) .
T h e  r e s u l t s  p l o t t e d  i n  F i g u r e  1 2 . 1 4 ,  h o w e v e r ,  r e v e a l  t h e  e x i s t e n c e  o f  
s e p a r a t e  r e l a t i o n s h i p s  f o r  t h e  v a r i o u s  m a t e r i a l s  a n d ,  f o r  t h i s  r e a s o n ,  
a  m e a n  l i n e  h a s  n o t  b e e n  d r a w n  t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s .  T h i s  
c o n c l u s i o n  i s  s t r e n g t h e n e d  w h e n  t h e  r a t i o  f  / f ^ _  i s  p l o t t e d  a g a i n s t  f  
i n  F i g u r e  1 2 . 1 5  a n d  i s  c o n f i r m e d  b y  t h e  o b s e r v a t i o n s  m a d e  i n  s e c t i o n
1 1 , 1 . 3  a s  r e g a r d s  t h e  r a t i o  f ^ / f  . I t  f o l l o w s  t h a t ,  f o r  a  g i v e n  
c o m p r e s s i v e  s t r e n g t h ,  l e a n  c o n c r e t e  ( m a t e r i a l  A )  w i l l  h a v e  a  h i g h e r  
t e n s i l e  s t r e n g t h  t h a n  a s - r a i s e d  m a t e r i a l s  s u c h  a s  t h e  W h e a t l e y  
m a t e r i a l  ( m a t e r i a l  B ) .  I n  c o m p a r i n g  t h e  v a r i o u s  v a l u e s  o f  
o b t a i n e d  o n  t h e  m a t e r i a l s  t e s t e d  i n  t h i s  i n v e s t i g a t i o n  w i t h  t h e s e  
r e p o r t e d  f o r  c o n c r e t e ,  ( 4 3 ,  5 7 ,  6 7 ,  1 3 7 )  t h e  a n i s o t r o p y  o f  c o n c r e t e  
i n  r e l a t i o n  t o  t h e  d i r e c t i o n  o f  c a s t i n g  s h o u l d  b e  t a k e n  i n t o  
c o n s i d e r a t i o n  b e c a u s e  m a n y  o f  t h e  l o w  v a l u e s  r e p o r t e d  c o u l d  b e  
a t t r i b u t e d  t o  t h i s  r e a s o n .
I n  F i g u r e  1 2 . 1 6 t e n s i l e  s t r e n g t h  i s  p l o t t e d  a g a i n s t  e q u i v a l e n t  c u b e  
s t r e n g t h  s i n c e  t h e  l a t t e r  g i v e s  a n  a c c e p t e d  m e a s u r e  o f  c u b e  s t r e n g t h ,  
t h i s  b e i n g  t h e  b a s i s  i n  p r a c t i c e  f o r  s p e c i f y i n g  ( 2 1 )  l e a n  c o n c r e t e ,  
c e m e n t  b o u n d  g r a n u l a r  m a t e r i a l  a n d , ,  t h e  m o r e  g r a n u l a r  f o r m s  o f  s o i l -  
c e m e n t .  T h e  g e n e r a l  t r e n d  o f  t h e  r e s u l t s  i s  a g a i n  w e l l  d e f i n e d ,  w i t h  
s e p a r a t e  r e l a t i o n s h i p s  f o r  i n d i v i d u a l  m a t e r i a l s .  F i g u r e  1 2 . 1 7  s h o w s
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t h a t  d i f f e r e n t  r e l a t i o n s h i p  e x i s t  b e t w e e n  f l e x u r a l  s t r e n g t h  a n d  
e q u i v a l e n t  c u b e  s t r e n g t h  f o r  t h e  v a r i o u s  m a t e r i a l s  t e s t e d ,  a  f i n d i n g  
w h i c h  h a s  a l s o  b e e n  r e p o r t e d  t o  e x i s t  f o r  c o n c r e t e  ( 1 4 4 )  b u t  f u r t h e r  
w o r k  i s  n e e d e d  i n  o r d e r  t o  c l a r i f y  t h i s  e f f e c t .  F i g u r e  1 2 , 1 7  a l s o  
s u g g e s t s  t h a t  t h e  l o w e r  b o u n d  r a t i o  o f  o n e - t e n t h  b e t w e e n  f l e x u r a l  
s t r e n g t h  a n d  c u b e  s t r e n g t h  p r o p o s e d  b y  W i l l i a m s  ( 1 9 )  s h o u l d  b e  
m o d i f i e d  t o  o n e - e l e v e n t h  t o  e n c o m p a s s  t h e  m a j o r i t y  o f  t h e  r e s u l t s  
o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n .
I n  F i g u r e  1 2 . 1 8 ,  t h e  c o m p r e s s i v e  s t r e n g t h  o f  p r i s m s  i s  p l o t t e d  a g a i n s t  
t h e  e q u i v a l e n t  c u b e  s t r e n g t h  o f  p a r t  b e a m s  a n d ,  f o r  a l l  t h e  v a r i a b l e s  
c o v e r e d  i n  t h e  i n v e s t i g a t i o n ,  g i v e s  t h e  f o l l o w i n g  r e l a t i o n s h i p :
f  =  1 . 5 7  f  -  0 . 5 4  
e q  P
w i t h  a  c o r r e l a t i o n  c o e f f i c i e n t ,  r ,  o f  0 , 9 9 0 - a n d  a  s t a n d a r d  e r r o r  o f
2
e s t i m a t e ,  S  ,  o f  2 . 4  M N / m  .
9 y x 9
I t  i s  p o i n t e d  o u t ,  h o w e v e r ,  t h a t  t h e  e q u i v a l e n t  c u b e s  w e r e  t e s t e d  a t  a
2 2 
s t r e s s i n g  r a t e  o f  1 5  M N / m  / m i n ,  c o m p a r e d  w i t h  a  v a l u e  o f  3 . 4 5  M N / m  / m i n .
f o r  p r i s m s ,  s o  t h a t  t h e  c u b e  s t r e n g t h s  m a y  b e  s l i g h t l y  o v e r e s t i m a t e d .
T h i s  r e l a t i o n s h i p  i s , h o w e v e r ,  w i t h i n  t h e  r a n g e  o f  v a l u e s  r e p o r t e d  f o r
c u b e  a n d  p r i s m  s t r e n g t h  r e l a t i o n s h i p  f o r  c o n c r e t e  ( 3 3 ) .
I n  F i g u r e  1 2 , 1 9 ,  u n i - a x i a l  t e n s i l e  s t r e n g t h  I s  p l o t t e d  a g a i n s t  f l e x u r a l  
s t r e n g t h  a n d  t h e  11 b e s t  f i t  ”  l i n e  t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s  i s  
a s  f o l l o w s :
f  =  0 . 5 3  f .  +  0 . 1 5 4  
t  b
w i t h  a  c o e f f i c i e n t  o f  c o r r e l a t i o n ,  r ,  o f  0 . 9 8 9  a n d  a  s t a n d a r d  e r r o r  o f
2
e s t i m a t e ,  S y X » 0 . 0 7 8  M N / m  . T h e  c o r r e l a t i o n  i s  j u d g e d  s a t i s f a c t o r y  
i n  v i e w  o f  t h e  f a c t  t h a t  t h e  e q u a t i o n  c o v e r s  a  w i d e  r a n g e  o f  m a t e r i a l s  
a n d  i s  b a s e d  o n  t e s t s  a t  v a r i o u s  a g e s ,  H o w e v e r ,  t h i s  e q u a t i o n  s h o u l d  b e  
v i e w e d  w i t h  s o m e  r e s e r v a t i o n  s i n c e  i t  i s  b a s e d  o n  e x p e r i m e n t a l  d a t a  o f  
v a r y i n g  s t a t i s t i c a l  w e i g h t .
I n  T a b l e  1 2 . 4  v a l u e s  o f  t h e  r a t i o  o f  f . / f ,  a r e  g i v e n  f o r  a l l  t h e
t  b
m a t e r i a l s ,  a t  v a r i o u s  a g e s  o f  t e s t  a n d  a t  v a r i o u s  c e m e n t  c o n t e n t  v a l u e s .
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Table 12.4 Values of f / ft b
Material
Cement Content
5,55% 7,5% 10%
7 day 28 day 28 day 28 day
A 0.594 0.548 0. 577 0.582
D 0.597 0.622 0.565 0.560
E 0.689 0.641 0.628 0.628
’ B 0.713 0.642 0.678 0.528 '
C - - - 0.906
The average value of the ratio f / f  for materials A, B, D and E is 
0.61 is within the range of ratio values reported for concrete (33,
36* 37s 52) and, within the scatter of the results obtained, there is 
an indication that the value is a function of the type of material 
processed and it is influenced' by cement content and the age at test 
but further work, particularly on material C, is necessary in order 
to establish the pattern of behaviour.
12.5 Inter-relationship of strength and modulus
Since the stress induced in a pavement material is governed by a 
number of factors including its modulus of elasticity, the crack 
susceptibility of the material is determined by the relative values of 
stress and of strength.
The results obtained in this investigation have therefore been examined 
with a view to commenting on an earlier suggestion by Williams ( 19) 
that classifying materials in terms of their electro-dynamic modulus and 
flexural strength would give an indication of their crack susceptibility.
Figure 12.20 shows values of E^ plotted against f^ for the full range 
of materials examined and the charactetistic shift in the relationships 
reported by Williams (19) and by Lister (1 )ls clearly evident.
A similar pattern of results may be seen in Figure 12.21, in which E^ _ 
is plotted against f^, and in Figure 12.22, in which E' is plotted
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against f , thereby supporting the conclusion by Williams (19) that the 
modulus of elasticity of a cement stabilised material is a function of 
the type of material processed and is not uniquely related to strength.
The results, however, do not fully endorse his proposed classification 
which, in essence, is that the more nearly a material to be processed 
approaches a concreting aggregate, the higher the modulus for a given 
strength, the concept being simplified by the suggestion of three zones 
covering lean concrete, cement bound granular material and fine grained 
soil cement. In this investigation, the relative performance of 
material A (lean concrete), materials B and E (cement bound as-raised 
material and cement bound reconstituted granular ihaterial, respectively) 
and material C (fine grained soil-cement) behave as might be expected 
from Williams hypothesis. But this is not the case for material D which, 
although containing 10% of brickearth and therefore a cement bound 
granular material rather than lean concrete, has a higher modulus at a 
given strength than does material A (lean concrete). An explanation for 
this behaviour may be found in Table 12.5 below based on data abstracted 
from Table 11.10
Table 12,5 Effect of brickearth on flexural strength and on 
electro-dynamic modulus of elasticity
Material Flexural strength, 
MN/m2
Electro-dynamic
2modulus, GN/m
(cement content 
5.55%)
7 days 28 days 7 days 28 days
A 1.97 2.61 36.6 40.3
D 1.39 1.88 36.5 39.7
Value for D as 
% of value for A
71.00 72,00 100.0
~r
98.5
* Value from Table 11.1
It seems that incorporating a small amount of brickearth in the 
aggregate for lean concrete has virtually no effect on modulus in this 
instance but it reduces the flexural strength. The reduction in strength 
is attributed in part to the probable effect of the brickearth on the
-  171 -
bond between the aggregate particles and the matrix and in part to the 
extensive compaction cracks which characterised this material and which 
although parallel to the direction of induced stress in the flexure 
test, are likely to change direction in propagating around particles so 
as to form potential stress raisers. Reverting to Figure 12.20, the 
nett effect of the brickearth is to translate a point parallel to the 
X-axis (ie it reduces the flexural strength) without appreciable movement 
in the direction at right angles (ie the modulus remains sensibly 
constant) so that, finally, the relationship between and f^ for 
material D lies above that for material A, a condition not envisaged 
by Williams (19).
A similar effect is apparent in Figure 12.21, in terms of the strength 
and modulus in tension, and values abstracted from Table 11.1 are given 
in Table 12.6 below to illustrate the behaviour.
Table 12.6 Effect of brickearth on tensile strength and on modulus 
of elasticity in tension
Material 
(cement content
Tensile strength ! 
MN/m2
Tensile modulus 
GN/m2
5.55% 7 days 28 days 100 days 7 days 28 days 100 days
A 1.17 1.43 1.62 30.7 34.8 40.6
D 0.83 1.17 1.39 33 .0 35.7 37 .0
Value of D as 
% of value for A
70.9 81.8 85.8 107.5 102.6 91.1
Thus,whilst the strength is decreased by the addition of brickearth, 
the modulus is in fact increased in two of the three cases.
A rather different impression is obtained, however, from Figure 12.22 
in which the strength and the modulus in compression are considered and 
it is found that, materials A and D follow a single relationship.
To examine this point, values for tests on prisms have been abstracted 
from Table 11.1 and are given in Table 12.7 below.
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Table 12.7 Effect of brickearth on compressive strength and on 
modulus of elasticity in compression
Material Compressive strength Compressive modulus
(cement content MN/m GN/m
5.55% 7 days 28 days 100 days 7 days 28 days 100 days
A 9.46 13.55 17 .58 30.6 34.4 37.3
D 9.24 12.43 16.78 28.8 33.5 36.0
Value for D as % 
of value for A 97 .7 91.7 95.50 94.1 97 .4 96.5
Thus, although once again adding brickearth has little effect on 
modulus, the effect on strength is also slight in this instance.
The insensitivity of the compressive strength to the effect of 
incorporating brickearth in a mix is attributed to the fact that, in 
compression, the splitting mode of failure is a secondary effect whereas, 
in tension, failure is directly induced by the stress system imposed.
When the equivalent cube strength results are examined in Table 12.8 
below, it is apparent that the restraining effect of the steel platens 
further masks the weakening effect of the brickearth.
Table 12.8 Effect of brickearth on equivalent cube strength
Material 
(cement content
Equivalent cube 
MN/m2
strength
5.55% 7 days 28 days 100 days
A 15.2 21.6 28.6
D 15.1 21.3 26.4
Value for D as % 
of value for A 99.3 98 .6 92.3
.1.
Data abstracted from Table 11.1
In summary, it would appear that stabilising an as-raised material 
containing a small amount of clay could lead to a processed material
-  173 -
with a higher modulus at a given strength than would be the case with 
lean concrete and, in consequence, with a higher stress generation in 
service. Furthermore, if the material had been designed on the basis 
of compressive strength, a comparison of the values in Tables 12.6 and 
12.7 shows that the tensile strength, whether measured uni-axially or 
in flexure, would be proportionally lower so that the probability of 
cracking would be further increased.
The findings suggest that there are limitations in specifying the 
quality of cement stabilised materials solely in terms of strength and 
especially compressive strength. As an alternative, there would appear 
to be merit in encouraging the use of beam specimens at the stage of 
selecting cement content so that both the modulus and the flexural 
strength could be determined and the equivalent cube strength measured 
for use in subsequently judging compliance.
However, it must be emphasised that the above arguments relate to 
material D, a reconstituted material which was especially pron£ to 
compaction cracks. Nevertheless a limited amount of cracking was 
encountered with one of the as-raised materials and similar cracks have 
been observed at the University with other materials. An additional point 
to-be noted is that the specimens tested in this investigation were 
compacted to refusal and this may have aggravated the cracking, but 
cracks have been detected at the University in other materials compacted 
to a lower degree (99). Thus, although the material used and the 
conditions imposed in this investigation may have been especially 
conducive to the formation of compaction cracks, it is considered 
likely that cracking exists in other materials and that further work is 
needed in order to fully explain the phenomenon.
Aw attempt was made to correlate the strength and modulus values of all 
the materials by taking density into account using equations of the 
form E = k*Dn< fm in which the exponents "n" and "m" were varied to fit 
better the experimental data but without success. An example of an 
empirical relationship of this type is given in Figure 12.23 and it is 
clear that further work is necessary to identify a .basis for predicting 
modulus from properties such as strength and density.
The principal conclusion from the results obtained is that although a 
relationship can be established for a given material between strength
- 174 -
f fi 'e q
- it*  1/2
Figure 12.23 R e l a t i o n  b e t w e e n  E ^ D ' '  and fcq
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and modulus, there is no unique relationship between these important 
parameters. This is an important conclusion which must be given careful 
consideration in view of the widespread practice of specifying cement 
stabilised materials in terms of strength,a practice which is especially 
likely to lead to anomalous if not unsatisfactory behaviour in the 
United Kingdom where the description "soil-cement” allows the processing 
of materials ranging from fine grained soils to aggregate of concreting 
quality.
12.6 Reliability of results
In order to properly assess the value of the results from a research 
programme, a realistic evaluation of their reliability is necessary.
In the following sections of this chapter an attempt is therefore made 
to provide a critical discussion of the reliability of the test 
procedures and equipment used in the investigation.
12.6.1 Consideration of friction grip tests
In Figures 12.24 to 12.28 Inclusive, tensile strength values .are
plotted against the location of failure for all the friction
grip tests carried out on the various materials and for the full
range of variables covered in the investigation. In Figure 12.24
additional points are included which were obtained in 7 day
preliminary tests undertaken using the same mix proportions as
for material A, prior to commencing the modulus determinations
2using LVTDs. The average strength (f = 0.95 MN/m ) for these
2tests is lower than the corresponding value (f = 1.17 MN/m') 
obtained in the main series of tests, mainly because the 
aggregate was not presoaked overnight in the preliminary tests.
The failure locations are summarised in Table 12,9 below:
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T a b le  1 2 ,9  F r i c t i o n  g r i p  f a i l u r e  l o c a t i o n  a n a l y s i s
M A T E R I A L
A
SC
A D E B C
Within end grips 17 19 7 14 5 11
At extremity of 
end grips
8 8 — 3 —
Clear of end grips 25 37 8 8 12 2
Proportion: 
Within grips 
Total number
1 in 3.0 1 in 3.4 1 in 2.1 1 in 1.8 1 in 3.4 1 in 1.2
with additional points
Figures 12.24 to 12.28 allow visual assessment of the 
significance of failure location to be made and it is felt that 
there is little suggestion of end failure being associated with 
uniquely low strengths as might be expected if a severe bi-axial 
state of stress existed within the grips.
At this point, it is convenient to make reference to comparative 
tests undertaken on specimens of material A when tested either 
in tension with the grips or with a"glued end" technique 
described in Appendix C . The proportion of failure within the 
grips is 1 in 4 and the results, shown in Figure 2 of Appendix 
C , are almost identical to those referred to in section 5.2.1 
thereby confirming the conclusion drawn in Section 5.2.3
The greater incidence of end failures with some materials, and 
especially with the limited number of tests undertaken on 
material C, is viewed with concern and further work is necessary 
to examine the effect of maximum particle size and grading of 
the material on the incidence of failure location. The influence 
on failure location of strength level and of the value of 
Poisson's ratio of the stabilised material are also of interest 
since the tests on mortar specimens, referred to in Section 
5.2.1, did not show a high incidence of failure within the grips.
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In spite of the above shortcomings, the modulus values are 
unlikely to be affected and the strength results are considered 
to be a reasonable measure of tensile strength in the light of 
present day testing techniques.
12.6.2 Consideration of the load measuring system
In Table 7.3 of Section 7.4 of the thesis, information is given * 
regarding the repeatability of and error in the load cells used 
in the research programme since this could partly explain some 
of the scatter in the experimental results. It can be seen that 
in general the accuracy of load measuring was satisfactory 
(less than 1% error) except, as would be expected,- in the low 
range of each load cell. It follows from the data in Table 7,3 
that at relatively low loads, and with the assumption that the 
strain measurements are correct, the stress-strain curves of 
materials A, B, D, E are likely to be slightly steeper in 
tension and less steep in compression than they should be. This 
is of no consequence in the determination of the modulus of 
elasticity in tension for materials A, D, and E because the 
modulus was determined at loads exceeding 4 kN and the error of 
the load cell was not greater than 1%. However, for tests on 
material C and on material A at 2 days and material B at 7 days, 
the determination of the modulus in tension was based on loads 
of the order of 2 to 3 kN so that the modulus values may be 
perhaps 3% high. So far as the compression tests are.concerned, 
the modulus is again only likely to be affected in the case of 
tests on material A at 2 days and on material B at 7 days since 
these are based on loads between 10 and 20 kN where the error 
of the load cell was of the order of 2%.
2The modulus values of materials A, D, E, B at 0,2 MN/m and of
2material C at 0 !  MN/m , which are given in Table 1 2 !  are 
significantly affected and this has been discussed in Section
12,1 of the thesis.
The values of the modulus of elasticity in tension determined
2 2 of stress levels of 0.2 MN/m (for material C) and 0.5 MN/m
(for material A, B, D, E) are not affected whereas the
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corresponding values of the modulus in compression are slightly 
underestimated for materials A, B and E (using the 500 kN 
load cell) and slightly overestimated for material C (using 
the 50 kN load cell). The scatter around the line of equality 
in Figure 12.3.b, however, is not in accordance with these 
observations and it is thought that other reasons such as the 
non uniformity of strains in conjuction with the inevitable 
variability between specimens could have influenced the results. 
This over-or under-estimation of the modulus is of the order 
of 2% and is believed to be within the range of variability 
encountered in preparing,mixing and testing materials of this 
type.
12.6.3 Consideration of the strain measuring system
The calibration results of the LVDT system given in Section
7.4.2 of the thesis are exceptionally satisfactory although 
this may be due to the use of an insufficiently accurate 
calibration method. The method used is considered to be 
satisfactory for the modulus tests in compression but in view 
of the accuracy needed in tension tests the method may not be 
entirely adequate. Every effort was made during the 
investigation to check the calibration of the LVDTswith ERS 
gauges and the DEMEC gauges, and also by carrying out 
comparative tests with another laboratory. The checks, however, 
were made in compression and, although they confirmed that 
the calibration method was satisfactory, they did not allow 
an estimate of the accuracy at small values of deformation.
12.6.4 Consideration of loading eccentricity in compression tests
As mentioned in Section 10, of the thesis, uniform straining 
was not always achieved in the compression tests and the 
implications of this shortcoming are discussed below in order 
to judge the reliability of the modulus and strength values 
obtained.
Eccentric compression tests differ from concentric compression 
tests in two respects, as follows: i
a. the elements of an eccentrically compressed specimens are 
subject to a strain rate which is influenced by their 
distance from the neutral axis.
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b. the less highly strained elements may impose a restricting 
effect on more highly strained adjacent elements.
Different stress-strain characteristics for the same material 
may therefore be obtained from concentric and from eccentric 
compression tests.
This problem has been studied in some detail for conventional 
concrete (145-152). The earlier works (145-148) examined the 
combined effect of strain rate and strain gradient and no 
significant difference was observed in the stress-strain 
curves up to a substantial proportion of the ultimate load.
Rasch (149) reported the effect of strain rate alone on 
concentrically loaded specimens and this prompted Rusch (150) to 
point out the importance of this factor in flexure tests and in 
eccentric compression tests. From the stress-strain relationships 
reported by Rasch (149) it can be seen, however, that the effect 
of strain rate is minimal up to half the ultimate load for 
strain rate differences ranging from 1 to 1000 which cover the 
range of strain rate differences between the most and the least 
strained fibres of the compression test specimens used in the 
earlier tests(145-148). Clark et al (151) and Ghosh et al (152), 
in carefully prepared tests, studied the influence of the strain 
gradient separately from that of strain rate and found that in 
the absence of strain rate differences the strain gradient has 
no effect on the stress-strain curves of conventional concrete 
up to the ultimate load.
Although, to the candidate's knowledge, the effect of strain 
rate and of strain gradient has not been studied for cement 
stabilised materials, it is believed that it could be assumed 
that neither has a significant influence on the stress-strain 
curves up to half of the ultimate load for the strain rate 
differences of the order of 1 to 10 observed between the most 
and the least strained faces of the compression test specimens 
tested in this investigation.
With this assumption, the four .load-strain curves plotted in 
Figure 12,29 would result in the same stress-strain curve if the 
stresses at the four faces of the specimen were known.
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Let P be the measured load applied by the testing machine, 
the recorded strain on the face i of the test specimen and a^  
the stress corresponding to the strain e^.
The modulus of elasticity may be calculated as follows:
P/A
E “ 1/4 (e1*e2"t’e3+E4^ " T j
where is the average stress due to load P being uniformly 
distributed over the cross sectional area A of the specimen.
This calculation is strictly correct if the stress-strain 
relationship is linear up to the maximum strain measured for 
load P.
„ °1 g2 °3 °4 1/tt(V V W  gq
■ El - e2 - e3 - " *a
If the stress-strain relationship is not linear, the stress
cr^  corresponding to the average strain is different from the
stress a as shown in Figure 12.29d and therefore the correct a •
value of the modulus of elasticity is a /e which differs fromm a
the value o^/e^. The magnitude of the error depends on the
difference between 0 and a i.e on the curvature of the surfacem a
of the stress block.
As discussed in Section 1 2 !  of the thesis, the stress-strain
relationship in compression of all the materials tested (A, B,
C, D and E) was effectively linear up to at least one third of
the ultimate load and therefore the error in the calculation
of the modulus of elasticity is insignificant. On rare occasions,
however, there was a serious strain difference between opposite
faces so that the stress at the more highly strained face was
higher than one third of the failure stress. The stress-strain
relationship could not then be taken as effectively linear and
hence a differed from a . The difference was therefore a m
calculated fox1 the extreme cases in which the stress was taken 
as zero on one side of the specimen and 0.4 of the failure 
stress at the other side. In this comparison the stress-strain
G
N
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N
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curves of materials B and C were used because they were slightly
more curved. The resulting difference between a and c , and& m a
hence in the value of modulus was found less than 2% in both 
cases, thus indicating that this error was within the 
experimental error involved in preparing and testing specimens.
This is also illustrated in Figures 12.30 in which the 
calculated modulus values are plotted against the corresponding 
maximum strain difference between opposite faces at one third 
of the failure stress, the difference being expressed as a 
percentage of the average strain measured on all four faces.
It can be seen that there is no indication of the modulus values 
being either increased or decreased' as the strain difference 
increases.
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Although the main emphasis in the investigation was to obtain data regarding 
the strength amd modulus of elasticity of cement stabilised materials, 
provision was also made for obtaining values of Poisson’s ratio since this 
parameter is also important in pavement analysis.
13.1 Dynamic Poisson’s ratio
Values of Poisson’s ratio, calculated from resonant frequency and pulse 
velocity measurements on beam specimens,were determined from some mixes 
and the values obtained are given in Table 13.1
1 3 . POISSON’S RATIO
Table 13.1 Dynamic Poisson’s ratio
Material A D E C
Age
(days)
y s c.v
%
y s c.v
%
y s c.v
%
y ■ s c.v
%
7 0.22 0.017
(7)
8.0 - - - 0.25
(3)
- - - -
28 0,22 0.009
(7)
4.3 0.21
(3)
- 0.20
(3)
- 0.33 0.014
(7)
4.2
100 0.19 0,028
(7)
14.9 0,20
(2)
- 0.20 0,014
(17)
6.8 - - -
The values for the coefficient of variation appear.to be satisfactory 
in general, with 5.8% on a population of 17 specimens of material E 
tested at 100 days giving a favourable indication of the reliability of 
the results. Furthermore, the mean values are within the range reported 
for four cement stabilised materials by Felt and Abrams (9),
The value for material C is 0.33 but the more granular materials all 
give values of the order of 0.20. A possible explanation is that lateral 
expansion of the matrix is restrained by the relatively stiff aggregate 
particles so that the more coarsely grained materials have a lower value 
of Poisson’s ratio,the mechanisms being similar to that proposed for 
conventional concrete, for mortar and for cement paste by Anson and 
Newman (153). The results also suggest that Poisson’s ratio decreases
/
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with age, a finding which is in agreement with data on conventional 
concrete reported by Swamy (154) and by Anson and Newman (153).
13,2 Static Poisson's ratio
13.2.1 In compression
Lateral strain measurements were made during a limited number of 
compression tests and values of Poisson’s ratio determined at 
1/3 of the ultimate load. In the case of material A, tests were 
undertaken on 1 to 3 specimens tested at various ages and under 
two curing conditions,the results being given in Table 13.2.
Only single specimens of materials D, E and B were tested and the
results are given in Table 13.3. Typical results of lateral and 
longitudinal strain measurements are plotted against stress in 
Figures 13.1, 13.2, 13.3, 13.4 together with values of volumetric
strain and of Poisson’s ratio.
Table 13.2 Results of tests to determine Poisson’s ratio. 
Material A
Age * Curing fP
E
P
Poisson’s 
rat io
MN/m2 GN/m2
7 Water 10.ll" 30.0 0.18
28 Water 11.5 34.7 0.15
12.9 34.0 0.15
11.9 34.5 v 0.11
x 12.1 34.4 0.14
210 Water 19.4 42.0 0.15
18.6 41,5 0.14
x 19.0 42. 0 o H’■ -F
28 Polyethelene 13.8 33.0 0.12
. 12.4 34.0 0.13
x 13.1 34.0 COt—)o
Note: Tests carried out on a 152.4 x 152.4 x 305 mm prisms.
All other values relate to tests on 101.6 x 254 mm 
prisms.
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Table 13.3 Results of tests to determine Poisson's ratio. 
Materials D, E and B.
Age 
(days) Material
f
P
E
P
PoissonT s 
ratio
MN/m2 GN/m2
D 16.9 36.0 0.16
100 E 13.4 27.5 0.15
B 10.1 23.0 o M -P
The static Poisson’s ratio values given in Tables 13.2 and 13.3 
are within the range of values reported by Felt and Abrams ( 9 ) 
and by Balmer (10) but they are higher than the values reported 
by Reinhold (8 ). The very small number of tests does not justify 
comment on the difference nor do they permit conclusions to be 
drawn regarding the effect of grading, age, and curing conditions 
although it appears from Table 13,2 that the effect of age between 
28 and 210 days is slight. This is in agreement with the results 
on four cement stabilised materials reported by Balmer (lo) and 
with the results on conventional concrete reported by Anson and 
Newman (153), and by Plowman (ill). Separately, the values in 
Table 13.2 are of interest since they include the results of 
tests carried out at 210 days, both strength and modulus 
continuing to increase and developing 157% and 122% of the 28- 
day values respectively.
A comparison of the values in Table 13.1 and in Tables 13.2 and
13.3 shows that the dynamic Poisson's ratio is consistently higher 
than the static value, a finding., which is consistent with the 
data for conventional concrete (153) and attributed to non­
elastic deformation which occurs when load is applied in the 
static test.
It is of interest to report that high values of Poisson’s ratio
were consistently found at very low stresses in tests on
materials A, D, E and B (material C was not included in this 
series of tests), a behaviour that has been reported for tests
on conventional concrete (155 to 157). Apart from its implications
regarding the manner in which materials respond to loading, it
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suggests the need to state the stress level when quoting values, 
of Poisson’s ratio but, clearly, further work is necessary to 
examine this in detail.
13.2.2 In compression after initial loading
• A limited study of the effect of low-cycle repeated compression 
loading was carried out on single specimens of materials B, D 
and E and on three specimens of material A. These specimens were 
twice loaded up to 1/3 of the expected ultimate load, the rate of 
loading and unloading being approximately the same as in the 
static tests and each loading cycle lasted not more than 4 min. 
The specimens were then loaded to failure in all cases, The 
stress strain curve on first loading was the same as the curve on 
subsequent loading within the accuracy of the strain measurement 
and a typical example of the results obtained is shown in 
Figure 13.5,
In the case of material D?lateral strains were also measured on 
two opposite faces of the specimen during the cycling loading.
For the first loading, the gauges were positioned on the 
trowelled and bottom face of the prism while in the second 
loading the gauges were positioned on the side faces of the 
specimen. The results obtained are included in Figure 13.5 and 
it can be seen that the average lateral strain is slightly higher 
on the side faces than on the bottom and trowelled faces of the 
specimen. While this difference is within the experimental error, 
it is nevertheless thought that it could be a manifestation of 
the opening of compaction cracks in vertical planes at right 
angles to the side faces of the specimen. A similar test on 
material A, a material judged to be free of visible compaction 
cracks, did not show this difference and more accurate tests are 
needed, in order to examine this'behaviour in detail.
13.2.3 In tension
A single determination of Poisson’s ratio in tension was carried 
out at 7 days on a 152.4x152.4x305 mm prism of material A 
employing the glued-end technique, this specimen size being
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chosen in order to keep the lateral gauge length the same as 
the longitudinal gauge length. A companion specimen of the same 
dimensions was also tested in compression and the result Is 
included in Table 13.2. In the tension test the value of Poisson’s 
ratio changed with level of stress and was of the order of 0.175 
at 1/3 of the ultimate load, thus comparing favourably with the 
value of 0.18 found in compression. The longitudinal and lateral 
stress strain curves obtained from this single tension test are 
shown in Figure. 13.6
-  2 0 0  -
14.1 Interpretation of stress-strain data
The data obtained in determining values of modulus and of Poisson’s 
ratio allow some observations to be made regarding the mechanism of 
failure of cement stabilised materials. Extensive research has been 
undertaken for concrete and many of the principles are equally 
applicable to cement stabilised materials.
Figures 13.1 to 13.4 show that the volume of specimens decreases under 
uni-axial compressive loading,the reduction initially being roughly in 
proportion to the applied load until a stress level is reached beyond 
which the rate of increase starts decreasing. The stress level at which 
there is an inflexion in the volumetric strain curve is accompanied by 
the beginning of a continuous increase in Poisson’s ratio. It is called 
the "initiation stress" (156) or "lower critical 'stress" (158) because 
it has been shown (156) for concrete that bond cracks at the interface 
between aggregate particles and the matrix begin to increase 
significantly at this stress level. In the case of cement stabilised 
materials^ it is believed that bond cracks will similarily start to 
markedly increase at this stress level which, for the tests undertaken 
in this investigation,is between 60% and 70% of the static strength. 
"Initiation stress" values of the order of 50% to 70% of the static 
strength have been reported for concrete (156, 157) and 50% for a 
cement stabilised material (96).
With further increase in load, the volumetric strain increases but at a 
decreasing rate, up to a stress level called the "critical stress" 
beyond which the volumetric strain starts decreasing and Poisson's 
ratio rapidly increases. The specimen eventually fails following a 
further small increase in load resulting in a rapid decrease of the 
volumetric strain and a large increase of Poisson's ratio. It has been 
shown for concrete (156, 157) that there is a rapid increase in mortar 
cracking at the critical stress, leading to a continuous crack pattern 
as bridging occurs between nearby bond cracks.
The "critical stress" may therefore be. regarded as an indication of 
significant slow crack growth which precedes macroscopic failure. It is 
believed to be an important parameter of a material and it has been shown 
for concrete to be related to strength under quasi-static short-term
1 4 . MECHANISM OF FAILURE
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loading, under repetitive and long-term loading and to fracture 
toughness (157, 159 to 162). Reported values of "critical stress" for 
concrete range between 70% and 90% of the static strength and decrease 
with increasing age and aggregate content (156, 162). In the tests 
reported in the thesis the critical stress is of the order of 80% to 90% 
of the compressive strength and there is some indication that the value 
for material A is lower on specimens tested at early ages but more tests 
are needed in order to fully investigate the effect. Pretorius et al (96) 
recently reported critical stress values of 75% to 85% of the compressive 
strength for a cement stabilised granular soil tested at various ages. 
Their tests were carried out on relatively old specimens (4 to 6 months 
old) and the effect of age was not apparent.
It is generally accepted that the failure of concrete under uni-axial 
compressive load takes place through progressive internal cracking which 
changes the material from being effectively continuous to being 
effectively discontinuous. Macroscopically, this manifests itself in the 
shape of the longitudinal and lateral stress-strain curves, and in 
changes which occur in the volumetric strain and in Poisson’s ratio.
Since cement stabilised materials exhibit very similar macroscopic 
characteristics it is suggested that the mechanism of failure is similar.
14,2 Pulse time measurements during uni-axial tension tests.
In an at attempt to obtain a better understanding of the mode of failure 
in tension, tests were carried out on two specimens of material A at 
100 days in which the ultrasonic pulse time was measured in a direction 
parallel to that of the applied load, longitudinal strains being 
simultaneously measured. The results were almost identical for both 
specimens and therefore only one set of results is - presented in 
Figure 14!. In this figure, strain and pulse time are plotted against 
applied stress, with the initial tangent and the secant at 50% of the 
ultimate load also being drawn on the stress-strain curve. It can be 
seen that the pulse time remained constant up to some 50% to 60% of the 
static strength, beyond which it changed slightly as was indicated by a 
continuous fluctuation of the last digit of the pulse time measuring 
equipment. When the load was further increased, the pulse time reading 
became stable at the next digit and this point is plotted as.a full 
circle with the stress level at which the pulse time fluctuated being
T
en
si
le
 
st
re
ss
 
M
N
-  2 0 2  -
P u l s e  t i m e  | i  s e c  
Hi .6 HI.7 111,8 IIL9 112.0
S t r a i n  * 10'6
Fig. 14.1 Pulse t ime and s t ra in changes during uni -ax ial  
tension tests. Mate r ia l  A (100 days)
S
te
ss
 
S
tr
en
g
th
 
R
a
ti
o
-  2 0 3  -
plotted as an open circle at the mid point of the two fluctuating 
readings.
The stress level at which the pulse time started to increase is 
believed to be of significance, reflecting the development of 
microcracking of sufficient magnitude to be detectable by the ultrasonic 
equipment. The deviation from linearity of the stress strain curve, at 
this stage of loading, was of the order of 1 ys which is approximately 
5% of the measured strain. With further increase in load, the pulse 
time also increases thereby suggesting that the cracks are continuing 
to grow but at a relative slow rate so that there is stable crack 
propagation. Meanwhile the stress-strain relationship deviates from 
linearity at an increasing rate. At a stress level of approximately 
95% of the tensile strength, a sharp increase in the pulse time 
indicates extensive crack propagation which rapidly leads to failure of 
the specimen, the latter phase being regarded as unstable crack' 
propagation. The tests were carried out under the soft testing conditions 
imposed by the friction grips so that more detailed information at stress 
levels near to the ultimate load could not be obtained.
14.3 Tensile strains near failure
Some indication of the strain capacity of a material, defined in this 
instance as a measure of the ability of a material to withstand 
deformation without cracking, may be obtained from the strain at a 
pre-determined proportion of the ultimate load, The strains discussed 
below are the values at 95% of the ultimate load in tension, the tests 
being carried out under relatively soft conditions due to the use of 
the scissor grips and cable loading in the Avery testing machine. The 
strains, given in the tables in Appendix B, show reasonable uniformity 
with the greatest variability being on material C.
The values for material A are similar in magnitude to those reported by 
Welch (50) for lean concrete at a deviation of 2% in the stress strain 
relationship in flexure which occurred at 63% of the ultimate load, and 
to those reported by Patankar and Williams (14) and by Bonnot (77) from 
uni-axial tension tests.
Figures 14.2, 14.3 and 14.4 show that, generally, the strain near failure 
increases with increase in age at.test, cement content, and tensile
-  2 0 4  -
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strength respectively. It may also be seen that, for any of the above 
parameters, the strain near failure is a function of the material 
processed and that, for a given strength, it increases in the order 
D, A, E and B with the values for C being very much higher.
The effect of aggregate properties (grading, size and type) on the strain 
at failure has been reported by Marais et al (103) for cement stabilised 
materials, and by Bonzel (76), Welch (164), Johnston (163) and Hughes 
and Chapman (165) for conventional concrete. It has been observed that 
mixes with a coarse grading fail at a low strain and this is in 
agreement with the results of this investigation but contrary to the 
results reported by Marais etalCL03).
The finding that strain near failure is less for material D than for 
material A could be attributed to the bond-reducing effect of 
brickearth. Similarily, the higher strain at failure of material B in 
comparison with material E could be attributed to the different 
bond-reducing effect of their respective fines, these materials having 
effectively the same grading but differing in the nature of the aggregate 
in the grading and plasticity of their fines, (see Appendix A). The 
increase in strain at failure with increase in mean aggregate size 
reported by Marais et al (103) from flexure tests on three cement 
stabilised materials may also perhaps be due to differences in the 
materials processed.
It is clear that there is only limited information available on the 
behaviour of cement stabilised materials under load and an extension 
of the work reported in this thesis is likely to lead to a better
understanding of the internal mechanisms of deformation and fracture
r
of these materials which will also be of value in pavement analysis
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Since the results obtained relate to various properties measured on a wide 
range of materials, attempts have been made to identify a common parameter 
which might allow critical differences to be identified.
15.1 Volume fraction of constituent materials
In Table 15.1 the mix proportions used in the investigation have been 
re-expressed in terms of percentages by weight of solids and also of 
percentages by volume of solids plus water, using the data given in 
Appendix A. This enables the theoretical zero air voids dry densi.ty to 
be calculated and, when compared with the density values measured in the 
compaction studies, gives an indication of the air voids in the compacted 
material. This basis for calculation is greatly dependent on the accuracy 
of the values for specific gravity and absorption and, in view of.the 
difficulties involved in determining meaningful values especially at the 
size fractions involving silt/clay particles when adsorption is likely to 
be more influential than absorption, the air voids values are viewed with 
reservation. Thus, for example, the air voids content of 0.77% deduced in 
Table 15.1 for material A compares with previously calculated values of 
2 to 3% when using slightly different values for specific gravity and 
absorption, and the uncertainty increases with materials containing 
silt/clay particles,
Nevertheless, it is clear from Table 15.1 that each material has its own 
value for dry density and, by referring to the results in Tables 11.1,
11.7 and 11.10, there is a broad correlation between the density 
achievable in a material and the corresponding strength and elastic 
properties. The exception is material D in which it appears that whilst 
the pore-filling action of the brickearth has increased density, it has 
reduced the strength as discussed previously.
It would appear, however, that the dry density or, preferably, the 
summation of the air voids plus water voids of a stabilised material may 
give a general indication of its modulus of elasticity and also, to a less 
predictable extent, of its strength.
1 5 . INTERPRETATION OF RESULTS IN TERMS OF A COMMON PARAMETER
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15.2 Criteria related to aggregate size and shape
Attempts have been made to analyse the results for strength and for
modulus in terms of criteria which might allow direct comparison over
the wide spectrum of gradings examined. These include determining for 
each material the mean aggregate size and also the fineness modulus, 
selecting a particular size range such as the volume proportion of coarse 
aggregate or the proportion of aggregate passing a particular sieve size.
In no case did these concepts lead to a satisfactory quick-index which 
could be applied to all the materials examined. Nevertheless this remains 
an attractive approach which might be amenable to a comprehensive study 
involving a range of gradings produced by re-combining single sized 
fractions.
15.3 Water/cement ratio
Although experience with cement stabilised materials over many years has 
shown the merit of separately stating the cement content and the water 
content of mixes, the values of the water/cement ratio of the materials 
A, B, C, D, E were calculated (Table 15!) to see if they provided a basis 
for comparing the strength and modulus values of these materials.
The water/cement ratio on a total basis was calculated because uncertainty 
regarding the availability for hydration of water in the mixes containing 
silt and clay precluded expressing the ratios on a free basis.
15.3! Effect on strength
In Figures 1 5 !  and 15.2, the 28-day values of uni-axial tensile 
strength and of uni-axial compressive strength are shown plotted 
against total water/cement ratio. A similar pattern emerges in 
both instances, broadly following the shape expected from the 
technology of conventional concrete (166). This has been found by 
Williams (12) to be the case for the cube strength, flexural 
strength and cylinder splitting strength of lean concrete mixes 
and more recently by Marais (103) for the uni-axial tensile 
strength and the cylinder splitting strength of three types of 
cement treated granular base material.
For the granular materials examined in this investigation, the 
strength at a given water/cement ratio depends upon the material
-  2 1 1  -
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processed, material B giving the lowest strength and material A 
giving the highest strength, although there is a crossover 
between the relationships for materials A and E, this being 
rather more pronounced with the compression data.
In an attempt to explain the differing strengths of the various 
materials, a comparison is first made of materials A, D and E 
since 90% of the aggregate used for materials D and E is from the 
same source as that of material A. In this comparison, it is 
necessary to separately consider the effect of introducing ‘ 10% 
brickearth into material A in order to produce material D and then 
changing the grading to convert material D into material E.
The grading difference between materials A and D is not great and 
therefore the lower strength of material D is attributed in part 
to the effect of the 10% brickearth inclusion on bond strength 
and in part to the presence of compaction cracks, a condition to 
which material D was especially susceptible as stated earlier in 
the thesis.
In comparing materials D and E, the content of brickearth is 
equal but the gradings differ and there is also a difference in 
their susceptibility to compaction cracks. Material E has a 
relatively f5.ne grading (7 5% passing the 5 mm. sieve, compared 
with 40% in the case of material A) and, at a given water/cement 
ratio, this would be expected with conventional concrete to 
lead to higher strength (163), The limited amount of compaction 
cracking in material E would also be expected to lead to higher 
strength.
In comparing materials A and E, A was apparently free of cracks 
whilst E contained a limited amount of cracking. The strength 
difference is attributed principally to the conflicting effects 
of the brickearth and of the change in grading, the former 
reducing strength and the latter likely to increase strength.
An additional factor to be considered is the effect on strength 
of increasing the cement content of mixes whilst proportioning 
the water content as a fixed percentage of the weight of aggregate 
plus cement. The resulting increase in water content is slight and 
may not have been sufficient to allow the required degree of
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compaction to be achieved, this being supported by the observation 
at the time of specimen making that mixes of material D were 
relatively dry.
The net result of the contributory effects is that, as shown in 
Figures 15.1 and 15.2, materials D and E are less dependent on 
water/cement ratio than is the case for material A. In consequence, 
the separate relationships forthe three materials converge and in 
fact intersect in the case of compression. The latter observation 
confirms the conclusion reached in section 12.5 of the report that 
at a cement content of 5.55% the compression test did not reveal 
a strength difference between material A and D which had been 
detected in tension tests. But, it is clear that more detailed 
tests are necessary to evaluate the effects of incorporating 
brickearth in material A and especially to quantify the separate 
effects on bond, on the strength of the paste, on compaction 
characteristics and on compaction cracking.
Turning now to materials B and E which differ only in the type of 
material used, B being as-raised and E being reconstituted to the 
same grading. The strength of material B is appreciably lower 
than that of material E and it is considered that the following 
factors are relevant.
a. Although described in the thesis as having the same grading, 
this applies with-certainty only to the fractions between
20 mm. and 150 ^m. Small differences exist in the silt and 
clay size fractions which might influence the properties of 
the hardened material, either mechanically or chemically. 
Similarly, differences in the shape, texture and nature of the 
sand-gravel fractions would also influence strength.
b. Material B was stabilised in its natural state, other than 
for slight processing by air drying, so that the silt-clay 
material remained at its position in nature on the aggregate 
and may thereby have been located so as to have a more 
decisive effect on reduction of bond. In contrast, the 
brickearth was batched with the sand-gravel to form material E 
on the day before stabilising, with dispersion subsequently 
occuring in an abrasive environment so that the silt-clay
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particles may have remained within the finer fractions rather 
than becoming attached to the coarse aggregate particles.
Visual observation of the mixes indicated that the coarse 
aggregate particles of material B were noticeably coated with 
fine material and that mixes of material B were in general more 
cohesive than those of material E. The later effect implies 
that material B may not have been so thoroughly mixed, so that 
weak locations would be likely to exist, a suggestion supported 
by the values of coefficient of variation given in Table 1 1 !  
for strength tests on material B.
c. Although both materials B and E were judged to contain only 
a limited amount of compaction cracking, this was not 
quantified nor was any attempt made to judge the extent of 
penetration of the cracks into specimens. The presence of 
cracks may therefore have influenced the relative behaviour 
of materials B and E.
The relationships for materials D and B between strength and 
water/cement ratio, both for tension and for compression,- show 
a levelling off in the rate of strength gain as the water/cement 
ratio is decreased, which may reflect their unfavourable response 
to compaction at higher cement contents. Although not shown by 
materials A and E, this behaviour has been reported by Williams 
(12) for lean concrete and by Marais (103) for cement treated 
granular materials.
In the case of material C, the only fine grained material tested, 
the values of water/cement ratio are very much higher and the 
strengths correspondingly lower in relation to the more granular 
materials.
15,3.2 Effect on modulus of elasticity
In this instance, comment is restricted to the effect of 
water/cement ratio on the modulus of elasticity in tension, shown 
plotted in Figure 15.3 the compression and the electro-dynamic 
moduli being similary influenced.
If the relative behaviour of materials A and E is first considered 
the lower modulus of material E may be attributed to the
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difference in grading, material E containing brickearth together 
with less coarse aggregate and more sand. In contrast with the 
effect on strength, the presence of a limited amount of cracking 
in material E is unlikely to have had a great effect on modulus 
since the cracks are parallel to the direction of stress both in 
tension tests and in compression tests on prisms.
When material D is compared with material E, material D has a 
coarser grading, approaching that of material A, and would be 
expected to have a higher modulus. The difference is less marked 
at low values of water/cement ratio but, as discussed previously, 
this may reflect poor response to compaction at increased cement 
contents.
In comparing materials D and A, the differences are attributed 
principally to the incorporation of brickearth in material D, 
although the extensive compaction cracking in material D could 
also be a factor. The slight interchange in the values for 
material D and A evident in Figure 15.3 at a water/cement ratio 
of 1.14 may not be significant taking into account the corres­
ponding values of standard deviation given in Table 11.1.
Dealing now with materials B and E, a number of factors have been 
discussed in relation to their relative behaviour in terms of 
strength. So far as modulus is concerned, the most important 
factor is believed to be the observation that the as-raised 
material (material B) retained a film of fines on the coarse 
aggregate particles during mixing. It is considered that this 
could constitute a surrounding layer which would allow slip or 
shear to occur under load, thereby increasing deformation in a 
similar manner, to that suggested by Patankar and Williams (14) 
in connection with their laboratory study of the use of bitumen 
coated aggregate in lean concrete. It is of interest to note that 
both the strength and the modulus of material B are low in 
comparison with the values for material E.
Regarding material C, the modulus is clearly very much lower than 
the values measured on the granular materials. Furthermore, 
whilst Figures 15.1 and 15.2 indicated that higher strengths could 
be achieved if required, Figure 15.3 suggests that a high modulus
1
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is unlikely to be achieved even with a substantial increase in 
cement content.
15.3.3 Effect on strain near failure
Values of strain at 95% of the ultimate strength in tension are
plotted against total water/cement ratio in Figure 15.4. The 
highest values are with material C while materials A, E and B 
behave in a fairly similar manner with failure strains of 40
to 60 ys, and material D fails at a lower strain which reflects
its high modulus but modest strength.
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The behaviour of cement stabilised materials under repeated loading is of 
importance since these materials,due to their relatively high values of 
modulus of elasticity, develop values of high fluctuating flexural tensile 
stress under traffic loading and environmental changes. A knowledge of the 
factors which influence fatigue behaviour is therefore necessary to design 
pavements incorporating cement stabilised layers (1, 167) and to interpret 
the performance of existing construction..'..
Only limited information is available regarding repeated loading tests on 
cement stabilised materials. It is believed, however, that a knowledge of the 
fatigue behaviour of conventional concrete, due to its inherent similarities 
with these materials, could greatly help in understanding their behaviour.
The existing knowledge on concrete is therefore briefly reviewed below, 
followed by a review on cement stabilised materials.
16.1 Review of fatigue tests on plain concrete 
G e n e r a l
Plain concrete, when subjected to repeated loads, may exhibit excessive 
cracking and may eventually fail after a sufficient number of load
repetitions, even if the maximum load is less than the static strength
of a similar specimen (168). For materials which do not possess a* 
e n d u r a n c e  l i m i t ,  defined as the limiting stress level below 
which an infinite number of load repetitions would be acceptable, 
f a t i g u e  s t r e n g t h  is defined as the fraction of the static 
strength that the material can support for a given number of cycles.
7Concrete does not seem to have an endurance limit within 10 cycles of 
applied load (169 to 172) and the fatigue strength must therefore be 
quoted for a specified number of load cycles. The results of fatigue tests 
are usually presented in a form known as S-N curves, or endurance curves, 
in which the applied stress (S) expressed as a fraction of the static 
strength (S/f) is plotted against the corresponding number (N) of stress 
repetitions which cause failure. It is pointed out, however, that 
s t a t i c  s t r e n g t h  does not have an absolute value in view 
of its dependence on the rate of loading so that a test at the standard
rate of loading does not predict the strength of a specimen tested at the
rate of loading necessary for the frequencies with which fatigue tests 
are usually carried out.
1 6 .  F ATIGUE T E S T S
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Fatigue tests are inherently prone to scatter in results (168) so that 
it is necessary to test a number of specimens at each of several stress 
levels in order to establish the fatigue properties of a particular 
concrete. Statistical techniques are also used for establishing the 
probability of failure at a given stress level (174 to 176).
S i m p l e  and c o m p o u n d  l o a d i n g - R e s t  p e r i o d s .
Simple constant-amplitude loading tests constituted the majority of the
work on concrete and very little is known regarding randomly varying
levels of load. Yet the- . latter is more representative of the conditions
to which a structure may be exposed and especially so in the case of a
road pavement. Miner’s hypothesis provides a basis for predicting fatigue
damage due to repetitive loading of different magnitude and the flexural
fatigue tests reported by Ballinger (177) indicate reasonable agreement
when this approach is followed. In contrast, earlier tests by Hilsdorf
and Kesler (176) showed that Miner's hypothesis was unsafe when low stress
loading cycles were followed by high stress cycles, whilst the theory
was conservative when the high stress cycles were applied first. The
Hilsdorf and Kesler results are not fully consistent with the increased
static and fatigue strength observed if concrete is subjected to repeated
7load less than the load which could cause failure at 10 loading cycles. 
Under these conditions the static compressive strength is reported (172, 
175,178) to increase by 5 to 15 per cent, the flexural strength increases 
(180,181) by a small amount and there is also an improvement in fatigue 
performance (172), The reasons for the increase in strength are not quite 
clear but it has been observed that microcracks develop in cement paste 
during this partial stressing and they could relieve stress concentrations 
at the tip of bond cracks, thus permiting readjustment of internal bonds 
to give increased strength (180) !f,however, the magnitude of the repeated 
loads is relatively high,extension of the microcracks takes place and 
causes a reduction in the static strength or in the fatigue life. Other 
reasons which have been suggested are that the test specimen has greater 
maturity and lower capillary moisture due to energy dissipation in the form 
of heat during the partial stressing (175), that there is loss of gel 
moisture in a similar manner to that observed in compressive tests under 
sustained loading (175), that there is densification of the material and 
an increase in secondary bonding strength between gel particles of the 
cement paste fraction due to increased van der Waals attractive forces
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as the distance between particles decreases (182). These explanations, 
however, do not always apply equally to compressive and flexure tests 
and further work is needed in this field possibly following the suggestion 
by Raithly and Whiffin (172) of studying the strain history leading to 
failure.
Rest periods and sustained loading at relatively low stress between 
repeated load cycles have also been reported to increase fatigue strength 
(172, 176) but if the sustained load is higher than about 75 percent of 
the static strength a deterioration in the fatigue performance may be 
observed (168). This is in accord with compressive sustained loading 
tests in which an increase in static strength is observed for low levels . 
of sustained load but a decrease for high levels of sustained load. The 
effect of rest periods ranging from 1 min to 27 min has been studied in 
flexure by Hilsdorf et al (170, 176) and it was found that there was no 
significant increase in fatigue strength for rest periods longer than 
5 min. The rest periods were inserted into the loading programme every 10 
min during which the specimen was subjected to 4500 load cycles, the 
specimen being subjected during the rest periods to a constant load equal 
to the lower limit of the repeated loadings. Raithby and Galloway (95) 
recently examined the effect of rest periods of 0.5 sec and 2 sec 
introduced between each loading cycle, a very small load (25 N) being 
maintained during the rest periods, and found a slight reduction in life 
but the differences were not statistically significant at the 5 percent 
level. The reasons for an increase in strength due to rest periods are 
not clear but it is possible that primary bonds which remained intact 
tend to restore the internal structure to its original configuration and 
energy state (117) possibly by a mechanism of van der Waals forces which 
could reduce the size of microcracks, formed during the cyclic loading, 
and recover the mechanical stability of ooncrete (183),
R a n g e  o f  s t r e s s
The fatigue strength for a given number of cycles is influenced by the 
range of cycling stress, a decrease in the range between maximum and 
minimum load resulting in increased fatigue strength. On the other hand, 
for a given range of stress, the material can withstand a greater number 
of loading cycles when the minimum stress is low. The modified Goodman 
diagram is often used to present fatigue strength results and shows the 
effect of range of loading clearly (168, 170, 172).
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While the static strength is affected by the rate of loading (184,173)> 
it is reported that the fatigue behaviour of concrete is very little 
influenced by frequency of loading between 3 and 16.7 Hz (178), a recent 
research (184) extending this to 20 Hz. This is only so when the maximum 
stress level is less than about 75% of the static strength, for higher 
stress levels a significant difference being observed (168). Thus Sparks 
and Menzies (185), from repeated compressive loading tests with two 
stressing rates(0.5 and 50 MN/m /sec)and at loads ranging from 70 to 90 
percent of the static ultimate load, reported a reduction in fatigue life 
with slower rates of loading. It is interesting to note that the results 
indicate that the endurance curves for.the two rates of loading converge 
with decrease in the maximum load. The dependence or not of the 
quasi-static strength and fatigue strength on the rate of loading could 
probably be attributed to differences in the stress-strain relationships 
over different stress levels and different rates of loading (184), but 
further work is needed to clarify this point.
S t r e s s  g r a d i e n t
Ople and Hulsbos (148) have shown that the fatigue life of eccentrically 
compressed concrete prisms is 15 to 18 percent higher than that of 
axially loaded specimens with an uniform stress equal to the maximum 
fibre stress of the eccentrically loaded specimens. The extreme fibre 
stress was estimated by applying the static stress-strain relationship 
to the maximum extreme fibre strain measured during the first cycle of 
fatigue loading.
S p e c i  m e n a g e
Very little is known regarding the effect of specimen age on the fatigue 
behaviour of concrete since most fatigue tests are conducted on specimens 
at least 3 months old in order to avoid ageing effects on young specimens 
tested for a relatively long period. In this context, Raithby and Whiffin 
(172) refer to fatigue compressive tests on cylindrical specimens by 
Linger and Gillespie in which it was found that the fatigue strength 
increased approximately linearly with age, for periods between 40 to 84 
days. For this conclusion the static 28-day strength was used as the 
basis for comparison but the static strength also increases with age so 
that the fatigue strength expressed as a proportion of the static
F r e q u e n c y  o f  c y c l i c  l o a d i n g
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strength at the time of test, may not vary significantly. This has indeed 
been shown to be the case in recent work by Raithby and Galloway (95) 
involving flexural fatigue tests on ordinary concrete and on lean concrete 
in which the changes in fatigue strength followed closely the changes in 
quasi-static flexural strength. This was also found to apply in the case 
of change in the moisture condition of specimens (95) and prompted the 
suggestion that the long-term fatigue performance could possibly be 
predicted from a few short-term tests and a few quasi static tests under 
appropriate curing conditions.
M a t e r i a l  p r o p e r t i e s
In work at the University of Leeds (179) it was found that the fatigue 
strength, expressed as a fraction of the quasi-static strength, slightly 
decreased with increasing static strength but Bennet in a recent paper 
(178), notes that this reduction is too small to be of practical 
importance. It is generally believed, however, that many variables — such 
as age at test, moisture condition at time of test, curing conditions, 
water/cement ratio, cement content, and aggregate type— affect static 
and fatigue strength in a similar and proportionate manner (168). The 
effect of age and moisture condition have been verified recently (95) 
and it has also been found that the fatigue strength of concrete, of 
cement-sand-mortar and of cement paste with the same water/cement ratio 
and with approximately the same static strength is about the same when 
expressed as a percentage of the static strength (175,186). Furthermore, 
fatigue tests on air-entrained concrete and on light-weight aggregate 
concrete of both high and low static strength showed fatigue 
characteristics similar to those of normal concrete with the fatigue 
strength expressed as a fraction of the static strength not differing
significantly from that of normal concrete (169,187). The fatigue strength
7 . . . . .after 10 cycles of constant amplitude sinusoidal loading, m  which the
minimum load is approximately zero, is usually between 50 and 60 percent 
of the static strength of the particular mix (188), regardless of 
whether the specimen is loaded in compression in tension or in flexure 
(168).
M e c h a n i s m  o f  f a t i g u e  f r a c t u r e
Fatigue failure of concrete is associated with the development of
internal microcracks at the aggregate-cement interface and in the cement
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matrix itself (178). The exact mechanism of fatigue fracture is not 
quite clear and considerable work has been done to study this mechanism 
by measuring deformation in order to detect changes in the stress-strain 
characteristics and in the modulus of elasticity, by measuring pulse 
velocity to detect internal cracking, by noting the changes in the 
resonant frequency and by applying fracture mechanics concepts (170,171, 
174,175,180,182,186,189 to 190).
Internal cracking,surface cracking, longitudinal and transverse 
deformations have all been reported to increase during repeated loading 
and especially so prior to failure whereas the secant modulus, pulse 
velocity, Poisson's ratio and the natural frequency decrease in value.
In particular, the stress-strain curve in compression changes shape 
during a fatigue test from being concave towards the strain axis 
initially, to a straight line and finally to being concave towards the 
stress axis (170,175) and the area of the hysteresis loop initially 
decreases and finally increases prior of failure. The degree of concavity 
of the stress-strain curve toward the stress axis, the increase in the 
area of the hysterisis loop or of the non-elastic strains and the sharp 
decrease in pulse velocity are criteria of imminent failure. The strain 
capacity of conci'ete during repeated loading increases substantially 
beyond the value obtained from static compressive or flexural tests 
(170,175), the total axial strain being higher with younger concrete 
and implying a relation between creep strain and fatigue strain (117). 
Creep effects in general should be considered especially as the rate 
of loading decreases (168).
It is generally believed that fatigue failure may be attributed to the 
development of slowly propagating microcracks which originate at the 
aggregate-matrix interface or at existing cracks or flaws in concrete 
although it has also been suggested^without gaining general acceptance, 
that the cracks initially form and propagate in the cement paste (191).
A propagating fatigue crack will occasionally be arrested when it reaches 
an aggregate particle’and the process will be repeated until, finally, 
the rate of release of strain energy is sufficient to overcome the 
remaining cohesive forces and fracture occurs (172). The mechanism of 
fatigue failure is thus similar to that of quasi-static tests but 
further study is needed.
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Probably the first report of fatigue tests on soil-cement was by Bofinger 
(63) in 1965 who conducted compressive, flexural and direct tension tests 
on a highly plastic black clay stabilised with 8 , 12 and 16 per cent 
cement. The machine used for fatigue loading applied the load through 
a calibrated tension spring at a frequency of 1 Hz but supplementary 
tension tests were also carried out at a frequency of 0.2 Hz. The 
specimens were sealed with paraffin wax during the curing and the testing 
period, the latter being started at an age of 14 days. Cylindrical, 
prismatic and briquette type specimens were used for compression, flexure 
and direct tension respectively. In the compression tests, failure did 
not occur during 500,000 applications of a stress of 80 per cent of the 
static strength but when this stress was increased to 95 per cent,some 
specimens failed within the first few cycles whilst others remained 
unbroken after even prolonged testing. From the direct tension fatigue 
tests, Bofinger concluded that:
a. A fatigue limit existed which was independent of the cement content.
b. The fatigue life decreased as the frequency of loading decreased 
from 1 Hz to 0.2 Hz.
c. The effect of range of load was not significant.
The results from the flexural tests confirmed the existance of a fatigue 
limit.
The conclusions drawn from the direct tension tests, and especially the 
detection of a fatigue limit,do not agree with fatigue data on concrete 
but since several days were required to apply 500,0.00 loading cycles, 
it is believed that ageing effects cannot be excluded. Furthermore, 
Bofinger does not give information on the control of load during the tests 
and the possibility that creep in the specimens reduced the applied stress 
cannot be excluded.
In a subsequent paper (64), Bofinger reports that the paraffin wax used 
in his earlier tests (63) v/as relatively brittle and cracks in the wax 
could have allowed some drying of the specimen. Consequently, shrinkage 
cracks could have' been the primary cause of failure and this would partly 
explain the early results in which the curves of stress versus number of 
cycles converged for various values of cement content. Bofinger (64) then
1 6 . 2  F a t i g u e  t e s t s  o n  c e m e n t  s t a b i l i s e d  m a t e r i a l s
-  227 -
used an air operated machine which could apply load at frequencies up to 
10 Hz and sealed his specimens with a very soft plastic wax. From this 
work it was concluded that:
0
a. There was no fatigue limit up to 3X10 stress repetitions.
b. Both the static and the fatigue strength of soil-cement greatly 
increased with increase of moulding dry density.
c. While higher moulding moisture content increased static tensile
0
strength, the effect on fatigue strength at 10 cycles was much 
less pronounced.
d. Fatigue strength was greatly reduced by soaking the specimens
e. The fatigue curves were dependent on cement content for both the 
materials tested.
It should be pointed out, however, that these conclusions are based on
the applied stress and not on the applied stress expressed as a fraction
of the static strength at the age of test. When the applied stress is
0
expressed in this way the changes in fatigue strength ratio at 10 cycles
do not proportionally follow the changes in the static strength,-a finding
which is contrary to evidence for concrete. More specifically, an increase
in the moulding moisture content increases the static tensile strength
whereas the fatigue strength ratio decreases. Similar’ly, the static
strength is reduced by soaking whereas the fatigue strength ratio for 
610 cycles is increased. It therefore follows that, if this behaviour 
is confirmed by other work, the fatigue behaviour of cement stabilised 
materials is more complicated than the fatigue behaviour of concrete.
Some repeated load compressive tests on a uniform sand stabilised with 
6% cement are reported by Gregg (192). The load was applied at a 
frequency of 20 cycles per minute (0.333 Hz) to specimens 2, 4, 7 and 
14 days old when tested at various stresses expressed as a ratio to 
their corresponding strengths. It was observed that the number of 
repetitions of load for failure increased with decreasing stress ratio 
up to a limiting value after which failure was unlikely to occur, this 
limiting values being of the order of 50 per cent of the compressive 
strength. It should be noted, however, that the existence of a fatigue 
limit could again be attributed to ageing effects, some 3 days being
5required to apply 10 cycles.
A comprehensive study of the fatigue behaviour of cement stabilised 
materials was carried by Larsen and Nussbaum (119), involving three soil
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types tested in flexural fatigue at a frequency of loading of 20 cycles per 
minute (0.333 Hz). The duration of the loading cycle was 1.2 sec and a 
non loading period of 1.8 sec was applied between loading cycles. The 
radius of curvature of specimens, rather than stress or strain, was 
selected as the principal measure of fatigue response. The critical radius 
of curvature at failure (Rc) was estimated from static tests and the load 
was increased in the repeated load test until it produced the ratio Rc/R 
designated for the test, this load then being used for the test with 
failure being defined as the load at which the first flexural crack 
became visible. The beams were tested on end supports, with a neoprene 
simulated subgrade between the supports, and loaded at the third points. 
From preliminary tests, a minimum specimen age of 60 days for testing 
was established.. The investigation involved tests on three soil types 
using 152.4 mm deep beams, four depths of beam on one soil type, and four 
subgrade strengths on one soil type using 152.4 mm deep beams. The 
principal findings were that the subgrade strength had no significant 
Influence on the fatigue characteristics of soil cement and that the 
ratio of the critical radius of curvature (Rc) to the radius of curvature 
(R) -produced at the beginning of a fatigue test is related to the number 
(N) of load repetitions to produce failure, according to the equation
R
where
a. is a coefficient depending on the depth of the beam
b. is a coefficient depending on the material type and is the slope
of the fatigue curve.
Pretorius and Monismith (7,120) recently carried out flexural^fatigue
tests on a cement stabilised granular soil, the specimens being tested
under third point loading at a frequency of 2 cps. Prior to fatigue
testing,all specimens -were "conditioned" by applying at least 500 cycles
of a load which induced some 38 per cent of the ultimate flexural strength
Strains were measured at the top and bottom surfaces of the beams and
the results presented in terms of either initial maximum flexural strain
e , or initial bending stress a , versus number of load repetitions N.L» L*
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Straight - line approxiations to the results gave the following 
equations:
log N = 9.110-0.0578 
log N = 7.481-0.01618 aL
Bending tensile strains remained fairly constant over a large portion of 
the fatigue life after which the rate of change increases at an increasing
rate until failure occurs. In contrast, specimens which did not fail after
6  . .  .10 repet.itions maintained a constant strain throughout the test.
Furthermore,when these specimens were subsequently tested to failure 
at a higher level of repeated stress, they displayed the same strain 
history as did specimens tested without previous loading. The number 
of load applications to failure then corresponded reasonably x+rell with the 
fatigue curve and suggests that the previously induced fatigue damage was 
comparatively insignificant. Pretorius and Monismith were able to express 
their results in terms of the critical radius of curvature (Rc) and the 
applied radius of curvature (R) and thus they confirmed the results 
obtained by Larsen and Nussbaum (119), However, they produced theoretical 
evidence to show that some of the data reported by Larsen and Nussbaum 
may have been influenced by "deep beam action" as the values of the span 
to depth ratio of the beams were low in some cases.
The fatigue strength ratio at various numbers of loading cycles can be 
estimated from the fact that the "preconditioning" load (1.11 kN, 250 lbs) 
induced a stress equal to approximately 38 per cent of the ultimate
g
flexural strength. Thus the fatigue strength ratio at 10 cycles is 0,23, 
a low figure in comparison with the 0.5 to 0.6 range usually reported for 
concrete. This low ratio is not in agreement with work reported by Symons 
(193) who subjected various cement stabilised soils to flexural fatigue 
by loading cylinders as rotating cantilevers. In addition, recent flexural 
fatigue tests on concrete by Raithby and Galloway (95) included tests on 
lean concrete, for which a fatigue strength ratio of the order of 0,60 to
g
0,65 at 10 cycles was observed. It was also found for lean concrete that 
age influenced fatigue strength in the same proportional way as it 
influenced static strength.
A study on ordinary concrete and on lean concrete, with beams subjected 
to repeated dynamic strains, was carried out by Welch (190). The equipment 
used for dynamic flexural loading was developed by Jones and Gatfield (189)
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and reported in more detail by Gatfield (194). By this method a 1.83 m 
long by 152.4 mm wide, and either 76.2 mm or 101.6 mm deep,specimen is 
vibrated at its resonant frequency in a closed loop system. The procedure 
is to apply a strain and observe the change in resonant frequency with 
time. The resonant frequency usually decreases from its initial value, 
at a diminishing rate, until it reaches an'apparently constant value.
A higher value of vibrating strain is then applied and the procedure 
repeated until, at a critical strain, the resonant frequency does not 
reach a constant value but continues to decrease. The rate of breakdown 
when the critical strain is reached varies from a rapid collapse within 
10 to 15 min to a slow, steady drop in resonant frequency. Failure in the 
vibratory test is assumed to occur when the initial value of the frequency 
is reduced by about 25 per cent. It was found that the average peak 
dynamic strain causing fatigue failure was a distinctive property of 
each beam specimen and that it could be related to the 5% deviation point 
of the quasi-static flexural stress-strain curve (50). Low strength 
concrete had lower static tensile characteristics than higher strength 
concretes, and the fatigue stra5.ns were in the same general proportion as 
the static strains,
Shen and Mitchell (195,196) investigated for a sand stabilised with 7% 
cement and a silty clay stabilised with 13% cement the effect on the 
strength and resilient modulus of repeated loadings in compression and 
in flexure. The specimens were moist cured and tested at a relatively 
early age (generally 7 days) at a frequency of 20 load applications per 
minute with an average load duration of 0.1 second. Deformations were 
measured with LVD'Ts or ERS gauges and are reported as resilient 
(recoverable) deformation and total deformation. Their principal findings 
were as follows:
The resilient modulus In compression was influenced by density for both 
materials and, for the silty clay, by moulding water content. The value 
was also significantly reduced for both materials by a. one day soaking 
prior to testing. The resilient modulus at low stress levels decreases 
rapidly with increasing applied stress whereas very little change in 
modulus was observed at stress levels greater than 30 to 40 per cent of 
the initial strength. It also decreased with increasing number of load 
applications, passed through a minimum and then increased,a longer curing 
period requiring a greater number of load repetitions to reach the
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minimum. The compressive strength of the stabilised sand increased by 
10 pel1 cent after 24,000 applications of a stress equal to 15% of the 
strength whereas the strength of the silty-clay specimens increased by 
8 to 15 per cent only when subjected to a stress intensity equal to 80% 
of the strength. In contrast, neither resilient modulus nor strength were 
affected by the magnitude of the applied repeated flexural stress 
intensity. The stress to cause fatigue failure in the silty-clay specimens 
in compression and also in flexure was about 90 per cent of the static 
strength. The sandy soil specimens failed at a stress of some 75 per cent 
of the flexural strength but the limited capacity of the repeated loading 
machine precluded fatigue failure of the sandy soil specimens in 
compression.
The modulus of resilient deformation in compression was found to be 
several times greater than the value in flexure with the exception of 
silty-clay soils compacted wet of optimum where essentially the same 
values were found.
Repeated compressive load tests have also been carried out by Obi (197,
198), on three fine-grained soil-cementSjWho found that the resilient
4 . .deformation was reasonably constant from 1 to 10 stress repetitions at 
stress levels below a critical value, a finding which is not in agreement 
with the results obtained by Shen and Mitchell (.195). It was also found 
that, below the critical stress, the residual deformation increased 
rapidly with the number of loading cycles until it reached an equilibrium 
value after which only resilient deformation occured. It was concluded, 
therefore, that the assumption of perfect elasticity was valid only after 
the residual deformation had reached the equilibrium value. Poisson's 
ratio also attained an equilibrium value for stresses below the critical 
level, but Increased rapidly with further repetition of load. An increase 
in the cement content decreased the residual and the resilient deformation 
and also Poisson's ratio but it increased the modulus of resilient 
deformation.
Moriarty (199) also carried out quasi-static and repeated compressive 
loading tests on a cement stabilised black clay and found that volume 
change's became dilational at a critical value of about 80 per cent of 
the static ultimate load, and continued to increase rapidly until failure.
-  2 3 2  -
Above this cr.iti.cal stress , the cracks evidenced by the volume 
dilation propagated to failure in relatively few cycles. In repeated 
loading tests below the critical stress, both strength and stiffness were 
increased, the increase being attributed to densification and also to 
skeleton strengthening by the formation of a larger number of cementitious 
bonds.
16.3 Presentation and discussion of the fatigue results
It was anticipated that the use of the relatively soft friction grip 
system for repeated loading tests could introduce dynamic problems but 
preliminary tests showed that although dynamic effects were evident 
when the load was applied at a frequence of 20 Hz, they were diminished 
when the frequency was reduced to 15 Hz. This is supported by the results 
of measuring the load at each end of the system using load cells and an 
ultra-violet recorder, the output of the load cells for a frequency of 
15 Hz being shown in Figure 16.1. A slight difference is observed and 
although the measurments were made at relatively low amplitude, this 
difference is not considered significant since it is of the order of
0.04 kN or only 0.7% of the minimum load amplitude (6 kN) used in the 
fatigue tests. It was decided therefore to use the friction grip system 
instead of the "glued-end" technique described in Appendix C which had 
been developed for the repeated loading tests but which involved practical 
difficulties in preparing and testing specimens.
The fatigue specimens were subjected to constant amplitude sinusoidal 
a .loading, minimum load of 0.5 kN being maintained through-out the fatigue
tests in order to avoid loss of grip although this increased to 0.8 kN in
some cases. Some slight changes in load were also observed due to mains
fluctuations and,although this occurred very rarely it may have
contributed to early failure of some specimens.
Because lean concrete mixes are widely used in the construction of major 
roads, effort was concentrated on testing material A with a less rigorous 
study being undertaken on material E. In comparison with the quasi-static 
tests,an increased number of within grip failures was observed in the 
fatigue tests, amounting to 1 in 2.7 and 1 in 1.6 for materials A and E 
respectively. The results are therefore discussed with some reservation.
-  2 3 3  -
CO
<L>
L-
O)
L  i
L. 
d)
CO o
w ^CD £  3
( j  J— CT)
■fc • a * 2c
* 0  0
nJ t_ .x: 
o  0 - H
D.H- 
ru 0 - 0
.y  « ^a  0 X1 t)
>>Jfc C >. +-> 0  0
E
0
-  234 -
In fatigue tests of the type undertaken in the investigation the rate of 
loading depends upon the range of stress examined in a particular test 
because they are carried out at constant frequency, the common feature 
between tests covering different stress ranges being the time for the 
load to reach Its peak. In order to extend the S-N diagram so as to allow 
meaningful comparison with quasi-static loading tests, it is necessary 
to find the single application of stress which induces failure in the 
time taken for the load to reach its peak in the fatigue tests (ie to fail 
in l/2n, secs where n is the frequency). In the tests undertaken, the 
load pattern had the form of a sinusoidal wave so that the rate of 
loading continuously varied throughout each cycle. It was therefore 
decided to approximate the form of loading by linearly increasing the 
load so as to induce failure in the time taken for the sinusoidal wave 
form to reach its peak (ie in 33 millisecs).
The selection of the appropriate average loading rate which would induce 
failure in 33 milliseconds is, however, difficult due to the large number 
of tests required in order to establish a reliable.relationship between 
loading time until failure and loading rate as is shown schematically In 
Figure 16.2.
In view of the uncertainties involved, the large number of tests required, 
and the preliminary nature of the fatigue tests- undertaken, it was 
decided to choose a rate of loading which would only approximately meet 
this requirment.
Preliminary single shot tests,with a command signal as shown inset on
Figure 16.3, were carried out on material A. In these tests different
values of load were applied in 33 millisecs and the time until failure
was read off from ultra violet recorder tracings, the results suggesting
that failure was induced in 33 millisecs or slightly less at a stress
2rate between 87 and 97 MN/m /sec. It was nevertheless decided to use a 
2value of 105 MN/m /sec, which corresponds to a peak load some 2.2 times 
the "quasi static" strength, in case the "true single shot" strength of 
the specimen was not exceeded in 33 millisecs due to variability in the 
material and in the testing technique. In view of the approximations 
necessarily involved in selecting the loading rate for the single shot 
tests on material A, it was decided to use the same rate for the limited 
number of tests undertaken on material E.
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Figure 16.3 illustrates a typical load-tirne trace recording of a-single 
shot test of material E and it may be seen that the duration of the load 
application was satisfactory and that the form of the trace is a 
reasonable interpretation of the command signals shown inset on the 
figure.
The results are given in Table 1 6 !  and it can be seen that the tensile 
strength Is markedly affected by the rate of loading, increasing ; the 
loading rate by a factor 18,000 resulting in a strength increase factor 
of 2. A greater number of tests is clearly required in order to establish 
more reliable values but the increase is nevertheless in broad agreement 
with the results of a recent investigation by Galloway and Raithby (184) 
into the effect of loading rate on the flexural strength of concrete beams.
TABLE 1 6 !  Comparison of "rapid loading" and quasi-static strengths
2Strength MN/m Strength
Material Rapid loading 
2approx 105 MN/m /sec
Quasi-static loading 
2approx 0.0058 MN/m /sec
ratio
A 3.12
3,27 X = 3.20
2.95
3.46
1.62 1.98
E 2.90
2.70 X = 2.80 
2.80
1 .2 0 2.34
The Information in Table 1 6 !  allows the time to reach failure to be 
calculated and compared with the target value of 33 millisecs. For 
material A, the time to failure ranges from 28.0 to 32.9 millisecs whilst 
for material E the corresponding values range from 27.7 to 25.7 millisecs.
The results of the fatigue tests for both materials are shown in
Figure 16.4 in terms of applied stress intensity and corresponding number
of loading cycles to failure. Generally, the tests were discontinued 
0
after 1X10 cycles but in a number of cases tests were continued up to 
0
4X10 cycles. The specimens which did not fail under repeated loading.
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were subsequently tested to failure under quasi-static tensile loading, 
the modulus of elasticity and the equivalent cube strength also being 
determined.
It can be seen from Figure 16.4 that there is a considerable scatter in 
the results and this is of the order of magnitude usually observed in 
fatigue tests on concrete. Since the number of results is not considered 
sufficient to allow regression lines to be drawn through the points, the 
number- of cycles at each stress level have been averaged and plotted 
against stress level in Figures 16.5 and 16.6 the upper relationship in 
each case expressing stress as a percentage of the quasi-static strength 
whilst the basis in the lower relationship is the single shot strength.
In cases where the test was discontinued before failure occurred, the 
number of cycles up to that point is taken and gives a conservative 
estimate of the fatigue life of the specimen.
c
The results indicate a life 1X10 cycles at some 60% and 55% of the 
quasi-static strength for materials A and E respectively, the corresponding 
values in terms of the strength under "single-shot" loading being 30% and 
25%. These proportions are reported with reservation due to the likely 
inaccuracy in the determination of the single-shot strength under rapid 
loading.
No direct comparison with existing fatigue data can be made. The endurance
curves, however, are similar in shape to the curves reported by Galloway
and Raithby (184) for ordinary concrete tested in flexure. Furthermore,
a fatigue- strength in flexure of 66 to 70 per cent of the static strength 
6at 10 cycles is reported by Raithby and Galloway (95) for a lean concrete 
with mix proportions and aggregate type similar to material A.
The results of the quasi-static tests on specimens which did not fail 
in fatigue loading are given in Tables 16..2 and 16,3 for materials A and E 
respectively. It can be seen that the uni-axial tensile strength after more 
than 1X108 loading cycles is not different from the static tensile strength 
of specimens which were not previously loaded, a finding which is in 
agreement with data for concrete under repeated flexural loading (180).
In contrast, the results for modulus of elasticity in tension are slightly 
conflicting with the values for material A after repeated loading being
11.3 per cent lower than that of specimens which were not previously loaded, 
whereas in the case of material E it appears that there is no such 
difference. The results of equivalent cube tests show a similar trend.
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TABLE 16 .2  S t a t i c  t e s t s  a f t e r  r e p e a t e d  lo a d in g
MATERIAL A
No
Number
of
cycles
io6
L
GN/m2
ft
MN/m2
feq
MN/m2
1C5
6M16
5M16
1M17a
4M17*'
3.0 
1.3
3.0
3.0 
0 .1
37.0
36.5
36.5
34.0
1.77
1.61
1.53
1.59
1.59
■ 24.2 
24,2 
25.8 
22.5 
•25.6
Mean X 36.5 1.62 24.2
Mean from Table 11.1 40.6 1.62 28.6
* Additional value reported for record purpose but not 
included in the calculation of the mean values.
TABLE 16.3 Static tests after repeated loading
MATERIAL E
No
Number
of
cycles
10 5
Et
GN/m2
ft
MN/m2
feq
MN/m2
1 1 .2 25.0 1.30 19.1
2 1.3 28 .5 1 .2 2 18.4
3 1 .0 27 .0 1 .1 0 17.7
Mean 26.8 1 .2 1 ztCO r—1
Mean from Table 
1 1 .1
27.0 1 .2 0 17.4
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Pretorius (120) measured the extreme tensile fibre strains in flexural 
fatigue tests on a cement stabilised material and showed that, whilst 
the strain initially remained fairly constant over a portion of the 
fatigue life, the rate of change of strain subsequently started to 
increase and became very high near failure. The lower modulus values 
measured on material A could thus be attributed to a similar accumulation 
of damage but further tests are necessary in order to clarify this point.
In subsequent work, more viable comparison would be possible if specimens
were tested statically at low loads to determine the modulus of elasticity
before being subjected to fatigue loading. An attempt to carry out a
direct comparison of this type on 3 specimens of material A resulted,
unfortunately, in only one reliable modulus value ■ due to malfunction of
the LVDT system but the modulus value in this instance (on specimen
2No IC 5) was only 0.5 GN/m higher than the value after fatigue testing.
The fatigue element of the investigation must be regarded as no more 
than a preliminary study due to the limited number and extent of the 
tests carried out. For example, whilst it is believed that the existence 
of serious eccentricity during the repeated loading is unlikely, the 
effect of repetitive bi-axial stress on the portion of the specimens 
within the grips is unknown and the large number of within grip failures 
is viewed with some concern. It was also observed that water migrated' to 
the lower part of specimens during the repeated loading and the effect of 
this is unknown,
A more comprehensive study of the fatigue behaviour in tension of cement 
stabilised materials, and especially of lean concrete, is considered 
necessary. Although the stresses generated by traffic loading are flexural 
in nature and in spite of the fact that flexural fatigue tests are easier 
to carry out than are uni-axial tensile tests, it is recommended that the 
latter should nevertheless be used because they provide more reliable 
information on the fatigue behaviour of the material, the reasons being 
based principally on uncertainties regarding the extreme fibre tensile 
stress induced during flexural tests. It is also believed that monitoring 
the strain history during the fatigue loading provides a very useful 
basis for understanding the behaviour of the material and, to allow 
comparison with quasi-static tests, further rapid loading tests should 
be carried out but at a rate of loading more accurately approximating to
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the loading time of the fatigue tests. Other topics which need study in 
relation to the fatigue behaviour of cement stabilised materials include 
the effect of rest periods, the effect of compound loading, and the 
over-all problem of establishing the extent to which the various 
factors influencing the quasi-static strength also affect the fatigue 
behaviour.
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17. TENTATIVE CONSIDERATIONS RELATIVE TO THE DESIGN OF PAVEMENTS WITH 
CEMENT STABILISED BASES.
17.1 Introduction
Cement stabilised pavement layers are subjected soon after construction 
to shrinkage and thermal movements. These movements are usually partly 
or fully restrained and therefore stresses are developed, the importance 
of which is indicated by the fact that cracks usually develop before 
the application of wheel loading. While these cracks are regarded as a 
natural characteristic of cemented layers some concern' is felt over 
their, presence since they may influence pavement behaviour for two 
principal reasons, as follows:
a. The subgrade may be weakened by the ingress of water through cracks 
which have reflected into the bituminous surfacing.
b. Repeated wheel loading could eliminate load transfer across cracks 
by destroying any remaining friction and aggregate interlock, a 
situation which would give rise to high stresses in the vicinity 
of the cracks and lead to early pavement failure.
The spacing of the initial cracks and perhaps more Importantly their 
width is therefore likely to influence the potential pavement 
deterioration. Their spacing depends on aft\ number of factors including 
environmental conditions, curing practice, material properties and the 
restraint imposed. In general, cement stabilised materials based on fine 
grained soils,such as silts and clays, have many fine cracks with close 
spacing, while materials such as lean concrete have fewer cracks at 
greater spacings. The movement at individual cracks is greater in the 
latter case and these cracks are therefore more liable to be reflected 
into the bituminous surfacing.
The thesis is a study.of the properties of materials and does not aim 
at presenting a systematic pavement design method. The discussion in 
this chapter is therefore limited to an examination of the relationship 
between the measured properties of the materials and the stresses 
developed in cemented bases under traffic loading. Only the stresses 
developed at the underside of the roadbase are considered \si'vi.s&v-j- due 
to the high values of modulus of elasticity of cemented bases, these 
x stresses constitute the most critical condition in the majority of the
-  2 4 5  -
Furthermore, the material properties measured in this investigation did 
not include determining values which would allow stresses due to 
temperature gradient to be calculated so that,in the discussion which 
follows,it is not possible to estimate the life of the pavements 
considered. It should be noted, however, that thermal stresses may 
constitute an appreciable proportion of the maximum combined stress, 
especially for materials of high modulus (1 ), and they should be taken 
into consideration when fatigue concepts are applied by estimating the 
percentage of heavily loaded axles which use the road at the more 
critical times of the day.
17.2 Traffic stresses
The stresses generated by traffic are considered below for the interior 
loading condition (i.e away form the influence of the edge or crack) 
and for loading over a crack.
a. Interior loading
In Figure 17.1 the stresses generated at the bottom of a cemented 
base of constant thickness but of varying dynamic modulus are 
compared with the flexural strengths measured at 7 and 28 days of 
materials A, B, C, D and E. The stresses are those computed by 
Lister (1) and refer to three wheel loads, at or above the legal 
limit, on a hot summer's day for the pavement structure shown in 
the same figure.
A comparison of stress and strength reveals that:
I. For material A, the 28-day strength is higher than the stress 
generated by the 90 kN wheel load, the difference being greater the 
higher the cement content.
II. For materials D or E, the strength with 7.5% and with 10% cement 
is greater than the stress developed under the 90 kN wheel load and 
the strength with 5.55% cement is greater than the stress due to the 
68 kN load.
III. For material B, the strength with 10% cement is greater than the 
stress due to the 68 kN load and the strength with 5,55% and 7,5% 
cement is greater than the stress due to the 45 kN load.
IV. For material C, the strength with 10% cement is higher than the 
stress due to the 45 kN load.
p r a c t i c a l  c a s e s  o f  p a v e m e n t s  i n c o r p o r a t i n g  c e m e n t  s t a b i l i s e d  r o a d b a s e s .
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It can also be seen that while the increase in cement content
increases the modulus of elasticity, and consequently the stresses
induced, the increase in the flexural strength is comparatively
greater than the stress increase and therefore the capability of the
material to withstand loading is enhanced. This is more apparent for
2modulus values greater than approximately 10 GN/m where the rate of 
stress increase is relatively small, while the sharp increase in 
stress may offset the strength increase for the low modulus range. 
Further tests are needed in order to clarify the behaviour of the 
materials in the low modulus low strength range.
The limited data available regarding strength and modulus values at 
early ages is sufficient to emphasize the importance of this factor 
on roads with cement stabilised bases and to draw attention to the 
need to observe an adequate maturing period before allowing traffic 
to use the construction.
The effect of thickness of cemented roadbases on the wheel stresses 
induced is shown in Figure 17,2, the stress values being extracted 
from a paper by Lister (1). This figure shows the stresses induced 
in cemented bases of various thickness and of a range of modulus 
by a wheel load of 90 kN on a hot summer’s da}/. In the same figure, 
the relationships established in this investigation between flexural 
strength and dynamic modulus of elasticity are superimposed. It can 
be seen that the thin bases will easily fail under this heavy loading 
and adverse environmental condition if they are not constructed with 
strong material.
From the limited work on the fatigue behaviour of materials A and E 
undertaken in the thesis and the data reported by Raithby and 
Galloway (95) and by Symons (193) it could be inferred that cementedg
materials can withstand 1X10 applications of stresses equal to 
50%-55% of the quasi-static strength and that the fatigue life 
decreases with increase in applied stress according to an exponential 
law. It is therefore-clear from Figures 17.1 and 17.2 that only bases 
from the stronger materials and with a substantial thickness could 
withstand an appreciable number of heavy load applications without 
widespread cracking, thus confirming earlier findings (1 to 4).
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Widespread cracking could be avoided more easily with material A 
(lean concrete), while materials D, E and B (all cement bound 
granular materials) require higher cement contents in comparison 
with material A. The limited data available for material C (the 
fine grained soil-cement) suggests that it is very difficult to 
avoid general cracking under these loading conditions with cement 
contents which are economically feasible in general practice. It is 
also doubtful whether the analysis is meaningful for fine grained 
materials because of the closely spaced initial cracking resulting 
from restrained shrinkage movement.
Regarding the number of load applications,the information provided 
by Lister (1) revealed that only 0.1% of the commercial traffic on a 
typical trunk road had wheel loads exceeding 68 kN, about 5% exceeded 
45 kN and 90 kN was the maximum recorded load. It follows that only 
a small percentage of the commercial traffic will appreciably 
contribute to fatigue failure of a pavement such as that shown in 
Figure 17.1. A more critical situation will develop in practice, 
however, because the strength and modulus values used in the 
foregoing comparison are laboratory values obtained from specimens 
compacted to refusal by a vibrating hammer applied under pressure 
and it is doubtful whether it is possible to obtain such high values 
in practice. This becomes more important when the effect of density 
on strength and on modulus are considered since it was shown in 
section 11,5 of the thesis that strength is reduced to a greater 
amount than is modulus. This is partly offset by the fact that 
7-day and 28-day strength values are used in Figure 17.1 and 
Figures 17.2 although some consideration should be given to the 
effect of construction traffic. Furthermore, the effective strength 
in a roadbase could be higher due to the relatively fast rate of 
loading induced by moving vehicles, while the effective modulus of 
elasticity should be lower than the electro-dynamic values used in 
the.analysis so that the induced stresses will be marginally lower.
b. Loading over a crack
Figure 17,3 shows the tensile stresses at the bottom of a cemented 
base calculated using Westergaard1s "edge loading" formula (200) as 
modified by Teller and Sutherland (201,202). The modulus of elasticity
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values of the base cover a range from 0 to 50 GN/m and the k 
modulus underneath the cemented base was estimated by considering 
the effect of the assumed 0,25 m of granular sub base (203), The 
contribution of the bituminous surfacing was approximately taken 
into consideration by assuming an angle of 45° for "load spreading" 
according to Watson (204) and Patankar (17). In the same figure, the 
flexural strength and dynamic modulus values of materials A to E are 
superimposed and their relationships with the stresses generated by 
traffic loading are discussed later in this section,
A more accurate picture of the stresses generated near a crack could 
be .obtained if the surfacing and cemented base are replaced with 
a single layer of material having the properties of the base and 
resting on the same subbase.The requirement for this subsitution is 
that equal tensile stresses should be developed at the underside of 
cement stabilised layers in both cases.
This has been done for the particular case shown in Figure 17.4 
using charts for the three layer elastic system presented by 
Mitchell and Shen (196) and tables for the two layer elastic system 
(205). The analysis is for interior loading assuming full continuity 
at the interfaces of the layers and that Poisson’s ratio is equal to 
0,5 for all layers. The results are presented in Figure 17.5 in 
which the thickness of the cement stabilised layer, which is 
"equivalent" to the system of bituminous surfacing and cemented base, 
is plotted against its modulus of elasticity. It can be seen that in 
the particular case of E^ being equal to E^ the thickness is slightly 
less than the sum of the thicknesses of layer 1 and layer 2 , reflecting 
the inaccuracies involved in the necessary interpolations due to 
limitations of the charts and tables regarding the modular ratios.
More accurate results with wider range of modular and thickness 
ratios could be obtained with computer programmes for multi-layer 
elastic ana *ys is,
Using these "equivalent" thickness values the stresses at the 
underside of the cement stabilised layer have been calculated using 
Westergaard’s edge loading formula as modified by Teller and 
Sutherland assuming a Poisson's ratio value of 0,2 for the cemented 
base. The results are presented in Figure 17.6 together with the
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stress values computed with the three-layer system (interior loading) 
and also the stresses calculated assuming a 45° angle of spread 
(edge loading). The following conclusions may be drawn from this 
figure:
a. The stresses calculated for the interior loading condition are 
significantly lower than the stresses for edge loading condition.
It follows that wheel load stresses developed at or near a crack 
or an edge represent a more critical situation and will lead to 
cracks which will be at right angles to the existing discontinuity. 
Since the cracks induced by restrained movement are predominantly 
transverse to the road axis, the first fatigue cracks would be 
expected to be longitudinal and located in the wheelpaths. If the 
cemented base has longitudinal cracks due to restrained movements, 
or if a wheel path is very close to the edge, or if the material at 
the edge has lower strength due to inadequete compaction, transverse 
fatigue cracks will also be developed due to traffic loading. In all 
cases the cracks will gradually propagate into the cemented base, 
bridging with other existing cracks so that the potential will arise 
for the corner loading condition to be developed in which even higher 
stresses will be induced. This situation will accelerate fatigue 
cracking and will lead to single or double ladder crack patterns as 
suggested by Pretorius et al (7).
b. The edge loading stresses calculated using an assumed 45° angle
of spread , are higher than the stresses calculated from the equivalent
layer method, the difference being relatively small (8%-l0%) for
2modulus values between 20-40 GN/m and higher (20%-2?%) for the lower 
range of modulus values. Assuming that these differences do not 
change drastically with other loading conditions, with other pavement 
configurations and with other ratios for the modulus of the 
surfacing and of the base, it appears that Figure 17.3 presents a 
reasonable indication of the stresses induced and especially so for 
the stiffer cemented bases.
It should be also noted that in determining the equivalent thickness 
the bituminous surfacing layer is assumed to be continuous (i.e with 
no crack from the cemented base having penetrated into the surfacing) 
and that a Poisson’s ratio value of 0.5 is appropriate for all layers. 
Pretorius et al ( 7 ) estimated stresses near cracks using a prismatic
-  2 5 5  -
space finite element procedure which is not limited by such 
assumptions and obtained values similar in magnitude to those 
discussed above.
Although no direct comparison between the stress situations shown 
in Figure 17.3 and Figure 17.1 can be made due to uncertainties 
in estimating the k modulus, and due to the reservations regarding 
the assumed load spreading action of the bituminous cover,
Figure 17.3 is nevertheless useful for comparing the relative 
behaviour of materials A to E. It confirms the main conclusion 
reached in paragraph 17.2a that general cracking can be avoided with 
stronger materials and to a substantial thickness.. Figure 17.3 also 
shows the influence of load magnitude and thickness of cemented base 
on the stresses developed at the underside of the base.
It should be noted that the edge stresses shown in Figures 17.3 and 
17.6 were calculated assuming complete loss of load transfer across 
the crack, so that the stresses will initially be lower since there 
is evidence suggesting that these cracks are well interlocked at least 
in the early pavement life (1, 206). It follows that the critical 
condition in the cemented road base as regards fatigue cracking will 
arise after a number of heavy load applications and consividering the 
distribution of wheel loads in a trunk road (1 ), this would represent 
an appreciable number of commercial vehicle passes. In addition, by 
the time that the load transfer is completely lost the strength of 
the material will be higher and this will increase the strength 
margin necessary for greater fatigue life.
It is clear from this discussion that in order to develop a more 
realistic design method more information is needed regarding the 
in situ properties of cement stabilised materials and it is also 
necessary to know more about the load transfer mechanism across a * 
crack and the factors which influence the rate of loss of load 
tranfer.
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The results obtained in the investigation have been discussed in detail in
preceding sections of the thesis and allow the following main conclusions
to be drawn:
1. The friction grip system is satisfactory for uni-axial tension tests on lean 
concrete and provides a reasonable measure of uni-axial tensile strength for 
other cement stabilised materials but further work is necessary to examine 
the effect of maximum particle size and grading on the incidence of failure 
location.
2. The strength of a cement stabilised material in tension,.in flexure and in 
compression is, for a given cement content, a function of the type of 
material processed. The highest strengths were obtained on lean concrete, the 
lowest on the fine grained soil-cement, with the cement bound granular 
materials giving intermediate values,
3. The strength in uni-axial tension is broadly related to the strength in 
uni-axial compression for the full range of materials examined. The ratio 
of the strengths is dependent upon the type of material processed and, for 
the range of strengths appropriate to cement stabilised materials, is 
typically one-tenth. The ratio of the uni-axial tensile strength to flexural 
strength is approximately 0 .6 .
4. The stress-strain relationship in tension is effectively linear, for all
the materials tested, up to a substantial proportion of the ultimate strength.
5. The modulus- of elasticity of the materials tested when measured in compression, 
in tension, or electro-dynamically, is a function of the type of material 
processed, the order of magnitude for the various materials generally following 
the same sequence as for strength.
6 . The moduli of elasticity in tension and in compression are effectively equal 
for the full range of materials examined. The electro-dynamic values are 
higher but are related to the values determined from loading tests,
7. Although individual relationships between strength and modulus have been 
established for each material, there is no unique relationship between these 
important parameters.
8 . Pronounced anisotropic behaviour, influenced by the direction of compaction, 
has been detected in modulus determinations but the effect is not apparent 
in strength measurements.
CONCLUSIONS
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9. Compaction cracks at right angles to the direction of compaction have been
induced in some materials, the materials varying from being apparently
free of cracks to being severely cracked. The presence of cracks is shown 
to influence the measured properties.
10. Compressive strength tests have been found to be relatively insensitive to 
mix alterations which are readily detected by uni-axial tension tests and 
by flexure tests.
11. In comparison with the 28-day values lean concrete develops at two days
a higher proportion of its modulus than of its strength.
12. Repeated uni-axial tension loading tests on two of the. materials produced
relationships in accord with published data relating to flexural tests on 
lean concrete and on pavement quality concrete. The single shot strength 
measured in these tests was considerably higher than the strength under 
quasi-static loading.
13. The total water/cement ratio of the various mixes, although not recommended 
for use in practice, provides a convenient basis for comparing the results 
obtained for the wide range of materials tested but further work is 
necessary in order to explain the marked dependence of the strength at
a given water/cement ratio, on the type of material processed.
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In discussing the results presented in the-thesis various subjects needing
further examination came to light,the more important of which are summarized
below together with some other topics on cement stabilised materials which
are considered as requiring investigation.
1. A comprehensive investigation on the effect of density on the ratio of 
modulus of elasticity to strength is believed to be of interest in view 
of the importance of this parameter on the ratio of induced stress to 
strength.
2. The strength and elastic properties at early ages combined with information 
on shrinkage, creep and thermal contraction/expansion would allow a more 
accurate insight inbthe behaviour of cement stabilised materials at early 
age and inbthe mechanisms of cracking due to restrained movements.
3. The anisotropic behaviour which was detected in modulus determinations needs 
a more comprehensive investigation in conjuction with the detection of 
compaction cracks.
4. More information is needed on the fatigue properties of cement stabilised 
materials In view of the importance of this parameter on the behaviour of 
pavements incorporating cemented bases.
5. The load transfer mechanism across a crack and the factors influencing 
its behaviour are considered to be of importance since cracks due to 
restrained movements are inevitable in this kind of materials.
6 . Information is required on the failure criteria under multi-axial stress 
conditions simulating the actual stress conditions to which a cemented 
base is imposed in practice.
7. A method for rapid estimation of the levels of strength and modulus from 
the grading and mineralogical characteristics of the material, for a range 
of cement contents used in practice and for a range of densities achieved 
in the field, is believed to be of great practical help in specifying the 
requirements of a cemented roadbase material.
19. RECOMMENDATIONS FOR FURTHER WORK.
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. APPENDIX A
Details of materials used 
(grading details, where appropriate, are given in Figure 6.1
1. Thames Valley aggregate
Specific gravity Absorption
Size S.S.D. Apparent Oven dry % Source
20 - 10 mm 2.55 2.59 2.52 1 .0 0 Bedfont
10 5 mm 2.46 2.59 2.37 3.59 Twyford
5 - 2 .18mm 2.67 2.49 2.62 Bedfont
-8 mm - 600 ym 2.56 2.64 2.51 1.90 Bedfont
600 - 150 ym 2.58 2.52 0.45 Bedfont
2. Wheatley as-raised material (Material B)
Atterberg limits
Liquid limit 20%
Plastic limit 12%
Plasticity index 8%
Specific gravity 2.67
3. Littlehampton brickearth (Material C)
Atterberg limits
Liquid limit 35%
Plastic limit 16%
Plasticity index 19%
Specific gravity 2.70
Compaction test
3Dry density 1825 kg/in , optimum moisture content 14.5% obtained with 5.55% 
cement content under compaction with the vibrating hammer method 
(B.S 1924:1967 Test 5)
4. Cement
Ordinary typical cement, batch 83, from A.P.C.M. Greenhithe
2Specific surface, 357m /kg
2Compressive strength, BS12 Concrete 3 days 18.0 MN/m
7 days 27.0 MN/m2 
28 days 39.0 MN/m2
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APPENDIX B
Tables of results
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Table B 11 Effect of cement content on strength and modulus. Age at test-28 days
•
ELECTRO-DYNAMIC COMPRESSION TESTS
PI<  E~ M
•it.riOj.UM i t o i o
TESTS EQUIV.CUBES PRISMS
(K LJu  s  
E- W 
<  CJ 
K
f
t
E
f / 2
E
0 .5 E95
L o c a t io n  o f  
f a i l u r e
e d
f
eq
N o .
f
P Ef / 3 Eo .s
(W in*- GN/m2 GN/m2 K f 6 mm GN/m2 MN/m2 MN /in2 GN/m2 GK/m2
CfO' o\° 1 1 .1 3 2 8 .5 28 .5 44 3 05 3 2 .2 1 6 .0 2 1 0 .4 1 2 9 .5 3 1 .5
H  LO 2 1 .1 4 2 8 .5 2 3 .5 45 3 3 0 3 1 .9 1 5 .1 3 1 0 ,1 7 2 5 .0 3 1 .7
0)
2 5 1 .0 0 2 9 .5 2 9 .5 37 2 85 3 0 .6 1 4 .9
1 2 .0 5 4 2 .0 4 4 .0 55 165  ' 4 5 .0 3 5 .8 1 2 3 .7 4 41 -
A 7 .5 2 2 .0 7 3 9 .0 3 9 .0 56 16 5 4 4 .5 3 6 .4 2 2 3 .1 9 4 1 .5 44
3 2 .0 5 4 1 .5 4 2 .0 55 150 4 5 .6 3 4 .9 4 2 5 .1 0 42 4 4 .5
1 2 .5 2 4 3 .5 4 6 .5 193 4 7 .7 4 8 .4 2 3 3 .4 7 45 4 3 .5
A 10 2 2 .7 3 4 6 . 5 5 0 .0 62 165 4 8 .0 5 5 .0 3 3 7 .1 7 45 4 6 .0
3 2 .5 4 4 6 .0 4 6 .0 57 2 00 4 8 .1 5 2 . B 4 3 2 .8 6 44 4 4 .5
1 1 .4 7 3 5 .0 3 6 .5 46 160  ' 4 2 .4 3 0 .7 1 1 7 . 51 3 6 . 5 3 6 . 5
D 7 .5 2 1 .5 1 3 8 .0 3 8 .0 43 2 30 4 2 .4 3 0 .6 2 1 7 .5 8 37 .5 4 1 .5
4 1 .3 3 - - 46 170 4 1 .9 3 0 .0 3 1 5 .9 9 3 6 .0 3 7 .5
1 1 .9 4 3 8 .0 3 8 .0 53 3 50 4 2 .6 3 7 .0 1 1 8 .1 9 3 5 .5 4 1 .5
D 10 3 1 .5 8 3 6 .0 3 6 .5 ' 46 2 9 0 4 1 .6 2 8 .1 2 1 8 .1 6 3 7 .0  . -
5 1 .2 2 3 4 .5 3 4 .0 37 3 6 0 3 9 .8 2 8 .4 - - -
1 1 . 51 3 0 .5 3 3 .0 54 3 10 3 5 .0 2 2 .4 1 1 4 .2 5 2 9 .5 2 8 .0
E 7 .5 2 1 .3 4 3 0 .0 3 0 .0 48 2 4 5 3 4 .5 2 3 .2 2 14 .7 4 2 7 .5 2 9 .5
3 1 .4 2 3 0 .0 3 0 .0 49 150 3 4 . 5 2 1 .8 3 14 .1 9 2 5 .0 2 7 .0
1 1 .7 1 3 6 .0 3 7 .0 50 4 0 0 3 8 .8 2 9 .9 1 2 0 .0 4 3 3 .5 3 3 .  5
E 10 2 1 .8 1 3 4 .0 3 4 .0 56 2 00 3 8 .0 3 3 .4 2 2 0 .6 8 3 3 .5 3 2 .5
3 1 .7 2 3 5 .0 3 6 .5 53 4 60 3 8 .0 3 1 .7 3 2 0 .2 2 3 2 .0 3 2 .5
1 1 .0 9 2 3 .5 2 3 .5 47 220 3 0 .4 1 4 .5 1 1 1 .5 3 2 4 .5 2 6 .5
B 7 .5 3 0 .9 2 2 0 .0 2 0 .0 48 145 2 9 .4 1 4 .3 2 9 .9 5 22 .4 2 8 .0
5 0 .9 1 2 2 .5 20 .5 4 9 235 3 1 .1 1 5 .6 3 1 0 .8 4 2 4 .0 2 6 .5
1 1 .0 6 2 3 .5 2 3 .0 55 24 5 3 1 .2 1 9 .6 1 1 2 .7 8 2 3 .0 2 6 .0
B 10 3 1 .0 6 2 7 .0 2 7 .0 37 3 50 3 2 .7 1 9 .7 2 1 0 .8 7 2 6 .0 2 7 .5
4 1 .0 3 2 2 .0 2 2 .0 49 80 3 0 .2 1 8 .5 3 1 4 .7 0 2 5 . 0 27 .5
-  2 9 0  -
T a b le  B 12 F l e x u r a l  t e s t s  Cement c o n t e n t  5,55%
AGE days
E-H
is
wS o\°
w
o
«~3
<
M
W
g
2 7 28
No
ed f b EP f eq f b ed f eq
GN/m2 MN/m2 GN/m MN/m2 MN/m2 2 .GN/m MN/m2
1 24.9 36.2 2.56 39.9 20.4
2 25.3 36.1 2.71 40.0 20.9
3 25.7 36 ,6 2. 56 40.3
4 26.2 38.5 • 2.63 41.1 20.6
5 25.3 1.84 35.4 14.2
.in A 6 25.8 2.01 36.9 14.1
LO 7 26.3 2.05 36.8 16.7
n 7 3 7 3 4 4 3
X 25.6 1.97 36.6 15.0 2.61 40.3 20.6
s 0. 509 0.111 0.964 1.473 0.071 0.544 0.252
C . V 2.0 5.7 2.6 9.8 2.7 1.3 1.2
1 16.0 1.20 21.9 7.4
2 16.0 1.12 22.1 7.2
3 15.1 0.91 19.3 6.3
in 4 15.7 0.68 19.2 5.8
in B 5 15.6 0.97 19.3 4.8in 6
7
8
17.0
16.6
16.6
0.97 20.5 5.3
1.14 22.5 7.0
n 8 3 3 3 4 4 4
X 16.1 0.87 19.7 5.3 1.09 21.4 6.98
s 0.625 0.167 0.723 0, 5 0.126 1.455 0.479
C , V 3.9 19.2 3.7 r 9.4 11.6 6.8 6.9
1 29.5 1.46 13.9
2 26.6 1.26 14.5
3 28.9 1.94 39.3 19.4
4 29.1 2.00 39.8 18,5
LO
in D 5 30.3 1.70 39.9 21.8
m 6 29.8 1.46 15.1n 6 3 3 3 3 3
X 29.0 1.39 14-. 5 1.88 39.7 19.9
s 1.292 0.115 0, 595 0.159 0.321 1.705
C , V 4.4 8.3 4.1 8.4 0.8 8.6
1 19.5 1.3d 27.6 10.5
2 19.5 1.59 31.6 14.5
3 21.0 1.65 31.2 14.0
■ 4 21.0
in 5 21.5 1.38 27.7 10.9
| in E 5 20.5 1.33 27.6 10.8
1 in 7 20.9 1.86 31,9 15.3
n 7 3 3 3 3 3
X 20.6 1.35 27.6 10.7 1.70 31.6 14 .6
s 0.778 0.025 0.208
C .V 3.8 1.9 • 0.2 1.9 8.3 1.1 4.5
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Table B 13 F le x u ra l te s ts  in  which the  cement con ten t va r ie d  
Age a t te s t  28 days
1—1 cd •HG
o\°
£
f b ed f eq
O4->cdS
gd)o
MN/m2 GN/m2 2MN/m
3.47 44.2 31.2
A 7.5 3.68 44.3 35.3
10.0 4.40 50.7 47.4
4.53 54.4 47.3
1.16 28.8 14,0
7.5 1.57 29.6 • 13.6
B
1. 55 30.0 14.4
2.05 32.1 18 .5
10.0 1.90 29.1 17.2
2.01 32.9 19.6
2.59 41.4 28.0
D
7.5 2.52 42.7 30.8
10.0 2.93 41.4 35.1
2.71 42.9 37.0
2.32 34.5 22.6
7.5 2,29 33.6 20.3
E . 2.17 33.9 21.1
10,0 2.77 38.6 29.5
0.72 6.4 -
0.65 6.4 -
C 10.0 0.76 5.8 ~
0.69 6.2 -
0,70 5.7 -
A
w. l '‘ 5.55
1.84
1.84
36,4
35.6
15.6
14.5
* W.L Semi-wet lean concrete
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Table B 17 W ith in -b a tch  and o v e r - a l l  v a r ia t io n  fo r
va lues o f m a te r ia l C. Age a t te s t  2 days. 
Cement con ten t 10%
Batch No ed
s c .v  . Range
GN/m2 GN /m2 % GN/m2
SC 2 5.6 0.379
(3)
6.8 0.7
SC 3 5.3 0.321
(3 )
6.1 0.6
SC 4 5. 5 0.173
(3)
3.1 0.3
O v e r-a ll 5.5 0.308
(9)
5.6 -
Table B18 E^values a t 2 days from the te s t  s e r ie s  
to  measure f le x u r a l  s tre n g th
M a te r ia l A D E B C
Cement % 5. 55 5. 55 5. 55 5. 55 10
ed
GN/m2 25. 6 29.0 20.6 16.1 5.0
S GN/m2 0.509 1. 29 0.779 0.625 0.25
C.V % 1,99 4,4 3.8 3.9 5.0
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APPENDIX C
Glued specimen techn ique .
At one stage in  the in v e s t ig a t io n ,  an a lte rn a t iv e  system fo r  te n s io n  te s t in g  
was developed in  readiness fo r  th e  fa t ig u e  te s t  programme since i t  was a n tic ip a te d  
th a t  the g r ip s  would in trodu ce  dynamic problems due to  t h e ir  la c k  o f  s t i f fn e s s .
An attem pt was th e re fo re  made to  develop a specimen w ith  a reduced se c tio n  
and w ith  a r ig id  type o f  connection  to  the  lo a d in g  crossheads o f  the  te s t in g  
frame. Both requirem ents presented d i f f i c u l t y  w ith  the  type  o f  m a te r ia l to  be 
te s te d , p r in c ip a l ly  because specimen compaction invo lved  the  a p p lic a t io n  o f 
v ib ra t io n  under pressure . This excluded the p o s s ib i l i t y  o f  fo rm ing  a tw o-d im ensiona l 
w a is t by c a s tin g  specimens v e r t i c a l l y  s ince  th e  compaction planes would be l i k e ly  
to  c o n s t itu te  planes o f  weakness. E q u a lly , i t  excluded the p o s s ib i l i t y  o f  
in tro d u c in g  s te e l connectors in to  the  enlarged ends o f  specimens s ince  t h e i r  
p re c ise  lo c a tio n  could no t be assured d u rin g  the process o f  compaction.
The method u lt im a te ly  developed in vo lve d  te s t in g  101.6x101.6x254 mm. prisms 
glued between 152.4 mm. cubes. The cubes were o f  co n ve n tiona l concre te  and 
conta ined b o lts  c a re fu lly  lo ca te d  so as to  a llo w  accurate a lignm ent o f  the specimen 
when connected to  the te s t in g  fram e. A j i g  was made fo r  lo c a t in g  the prism  and 
cubes w h ils t  the  glue (E p iko te  816 w ith  hardener A jic u re  QX2, which was qu ick 
s e t t in g  and e f fe c t iv e  on a damp su rfa ce ) s e t.  A sand -res in  m orta r was then 
tro w e lle d  around the  prism  ends to  form  a f i l l e t  fo r  s tre n g th e n in g  the c r i t i c a l  
zone a t the  p rism -g lue  in te r fa c e .  A specimen under te s t  is  shown in  P la te  C l.
The e ffe c tiv e n e s s  o f  th e  system was then judged by c a rry in g  ou t com parative 
te s ts  on 508 mm. beam specimens in  the  f r i c t i o n  g r ip s . The re s u lts  are p lo t te d  
in  F igures C l and C2 and the va lues ob ta ined  are summarised below:
x s c .v
Method
MN/m2 MN/m2
F r ic t io n  g r ip s  28 1.37 0.121 8.8
Glued specimen 28 1.46 0.168 11.5
A ty p ic a l  se t o f  specimens a f te r  te s t  in  each system is  shown in  P la te  C2.
The comparison was judged to  be s a t is fa c to ry  in  terms o f  mean s tre n g th , 
b ea ring  in  mind th a t the  volume under te s t  is  g rea te r in  the f r i c t i o n  g r ip  system. 
(125-127). Some concern, however, was f e l t  rega rd in g  the glued specimens in  view 
o f  the  ra th e r  poor d is t r ib u t io n  o f fa i lu r e s  a long the  le n g th  o f the te s t  p rism , 
le a d in g  to  a la rg e  p ro p o rt io n  near to  the  f i l l e t s . .  During the  development o f  the
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Plate C .l  Glued prism-cube specim en under test,
(showing cable loading and thrust race bearing).
-  2 9 8  -
(a) Typical failure distribution in a batch 
of six glued specim ens.
(b) Typical failure distribution in a batch 
o f  six  specim ens tested in the friction  
grips.
Plate C .2  Illustration o f  glued and friction grip specim ens.
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CLUED LEAN CONCRETE SPECIMENS
cuee - ends
Distance from the upper end of the specimen mm
Fig.c.1 DISTRIBUTION OF FAILURES AND TENSILE STRENGTHS OF LEAN 
CONCRETE SPECIMENS TESTED WITH GLUED CUBE - ENDS
DISTANCE FROM THE UPRER END OF THE SPECIMEN mm
Fig.C2 DISTRIBUTION OF FAILURES AND TENSILE STRENGTHS OFLEAN CONCRETE SPECIMENS TESTED IN THE FRICTION GRIPS
-  3 0 0  -
G L U E D  H I G H  A L U M I N A  S P E C I M E N S
CUBE-ENDS
Distance from the upper end of the specimen mm
Fig.C 3 DISTRIBUTION OF FAILURES AND TENSILE STRENGTHS OF HIGH 
ALUMINA CONCRETE SPECIMENS TESTED WITH GLUED CUBE -ENDS
METAL PLATES
Total number of 
specimens tested n.-.22
13 bond failures (not included )
n = 9
X = 2.21 M N /m 2 
i> = 0.161 M N /m 2  
C .ifs  7 ,3  ®/o
2 0 4 0 60 SO 100 120 140 160 10U 200 220 240
Distance from the upper of the specimen mm
Fig.C/, DISTRIBUTION OF FAILURES AND TENSILE STRENGTHS OF HIGH
ALUMINA CONCRETE SPECIMENS TESTFn WITH GLUED METAL PLATES
-  3 0 1  -
g lu e in g  techn ique , many s e r ie s  o f  te s ts  were undertaken w ith  a v a r ie ty  o f 
adhesives. In  some cases, these had shown a more favourab le  d is t r ib u t io n  of. 
fa i lu re s  provided the adhesive under te s t  developed s u f f ic ie n t  bond w ith  the  
damp su rface  o f  the te s t  specimen to  a llo w  the  c r i t i c a l  load range fo r  the 
specimen to  be reached. Two se ts  o f  these re s u lts  are re p o rte d , f o r  reco rd  
purposes o n ly , in  F igures C3 and Cq.
However, specimen p re p a ra tio n  was te d io u s , tim e-consum ing and expensive.
I t  v/as th e re fo re  decided to  t r y  the f r i c t i o n  g r ip  system fo r  the repeated lo a d in g  
te s ts  and th is  proved s a t is fa c to ry  p ro v id in g  the frequency o f  lo a d in g  was l im ite d  
to  .15 Hz.
